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Die vorliegende Arbeit entstand im Rahmen des von der Deutschen Forschungsgemeinschaft 
geförderten Projekts Kai 342/1 mit dem Titel Untersuchungen zur Polymorphie und 
Kristallchemie von Phyllosilikaten der Zusammensetzung MeySi^Os (Me : Na, K). In die 
Promotionsschrift wurden die folgenden sechs Manuskripte aufgenommen: 
Abschnitt 7. The crystal structure ofa mixed alkaliphyllosilicate with composition 
Nai.5sKo.4sSi205. 
Diese im Band 13 (2001) des European Journal of Mineralogy publizierte Arbeit wurde von 
mir mit Prof. Dr. Volker Kahlenberg als Co - Autor verfaßt. Die Kristallsynthese, sowie die 
strukturelle Charakterisierung sind von mir eigenständig durchgeführt worden. 
Abschnitt 8. Single crystal structure investigation oftwinned NaKSi^O^ - a novel Single 
layer Silicate. 
Dieses in der Zeitschrift Solid State Sciences (Band 3, 2001) veröffentlichte Manuskript ist 
von mir zusammen mit Prof. Dr. Volker Kahlenberg als Co - Autor verfaßt worden. Die 
präparativen Arbeiten und die Strukturrechnungen wurden ausschließlich im Rahmen dieser 
Dissertation von mir ausgeführt. 
Abschnitt 9. Structural characterization of high pressure C - Na2Si20s by single crystal 
diffraction and 29Si MAS NMR. 
Die Ergebnisse dieser in Physics and Chemistry of Minerals (Band 29, 2002) abgedruckten 
Arbeit sind von mir zusammen mit Prof. Dr. Volker Kahlenberg, Dr. Claudia Weidenthaler 
und Dr. Bodo Zibrowius erarbeitet worden. Die thermischen Untersuchungen wurden von 
Frau Dr. Weidenthaler durchgeführt, die Festkörper-NMR Messungen, sowie deren 
Auswertung stammen von Herrn Dr. Zibrowius. Die Einkristallstrukturanalysen und die 
kristallchemische Diskussion stellen meinen Beitrag an dieser gemeinsamen Arbeit dar. 
Abschnitt 10. Hydrothermal synthesis and structural characterization ofK-Na2Si20s and 
NaL84Ko.i6Si205. 
Dieses inzwischen bei der Zeitschrift Solid State Sciences im Druck befindliche Manuskript 
ist von mir zusammen mit Prof. Dr. Volker Kahlenberg und Dr. Burkhard Schmidt als Co-
Autoren verfaßt worden. Herr Dr. Schmidt hat die von mir am Bayerischen Geoinstitut 
durchgeführten Hochdruckexperimente betreut und die chemische Zusammensetzung des 
Mischkristalls bestimmt. Alle strukturellen Aspekte sind von mir erarbeitet worden. 
Abschnitt 11. High pressure mixed alkali disilicates in the System Na2.JCxSi20s : hydro-
thermal synthesis and crystal structures ofNaKSiyOs-II and Nao.örKusSiiO;. 
Diese Arbeit wurde von mir zusammen mit Prof. Dr. Volker Kahlenberg und Dr. Burkhard 
Schmidt als Co-Autoren verfaßt. Die Synthesen wurden in Kooperation mit Herrn Dr. 
Schmidt in Bayreuth durchgeführt. Die Einkristallbeugungsexperimente und deren 
Auswertung stammen von mir. Das Manuskript zu dieser Arbeit ist in der Zeitschrift für 
Kristallographie zur Veröffentlichung akzeptiert worden. 
Abschnitt 12. Room - and high - temperature Single crystal dijfraction studies ony-
Na2Si20s: an interrupted framework with exclusively Q-units. 
Dieses bei der Zeitschrift für Kristallographie im Druck befindliche Manuskript wurde von 
Prof. Dr. Volker Kahlenberg verfaßt. Teile des Textes, die Beugungsuntersuchungen bei 
Raumtemperatur und bei höheren Temperaturen, sowie die Synthesen stammen von mir. Frau 
Dr. Weidenthaler hat den Phasenübergang thermoanalytisch charakterisiert. 
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1. Einleitung und kurzer Überblick der bisherigen Untersuchungen an 
Na - K -Disilikaten 
Seit den ersten Arbeiten von Morey & Bowen [1] bzw. Kracek [2] im System Na2Ü - SiC>2 
sind die Natriumsilikate wiederholt Gegenstand von phasenanalytischen Untersuchungen 
gewesen. Im Bereich der experimentellen Petrologie wurde die Existenz kristalliner 
Natriumsilikat-Hochdruckphasen in den letzten 10 Jahren eingehender untersucht [3-5]. 
Gläser und Schmelzen der Zusammensetzung Na2SfeOs wiederum dienen in den 
Geowissenschaften als vergleichsweise einfache Modellsysteme zum Verständnis der 
Vorgänge in den wesentlich komplexeren natürlichen Schmelzen [6]. Aber auch aus 
materialwissenschaftlicher Sicht kommt den Natriumdisilikaten eine besondere Bedeutung zu. 
So findet man sie z.B. als kristalline Verunreinigung der technologisch wichtigen Kalk-
Natron-Gläser [7]. Großtechnisch werden sie insbesondere als lonentauscher in Waschmitteln 
eingesetzt [8]. Ferner sind sie auch hinsichtlich der Eignung als Na-Ionenleiter untersucht 
worden [9]. Ein weiterer interessanter Aspekt liegt in der ausgeprägten Neigung zur Bildung 
verschiedener stabiler und metastabiler polymorpher Formen als Funktion der 
Synthesebedingungen. 
Nach den Untersuchungen von Willgallis & Range [10] bzw. Williamson & Glasser [11] kann 
man durch Temperung von NaaS^Os-Gläsern bei Normaldruck drei verschiedene 
Modifikationen erhalten. Bei Leuterungstemperaturen zwischen 500°C und 580°C entsteht 
zunächst das sogenannte y - Na2SfeOs, zwischen 580°C und 670°C kristallisiert die ß-Phase, 
und oberhalb 670°C bildet sich schließlich die oc-Modifikation. Nach Williamson & Glasser 
verlaufen die Umwandlungen y—>ß—KX irreversibel. Die bei Raumtemperatur stabile Phase 
des oc-Na2S^ C>5 wurde erstmals von Liebau [12] bzw. Pant & Cruickshank [13] strukturell 
untersucht. Die Struktur des ß-Natriumdisilikats wurde von Pant [14] gelöst. In beiden Fällen 
handelt es sich um Einfachschichtsilikate. 
Für oc - und y-Na2Si20s werden nach thermischen Messungen in der Literatur verschiedene 
Hochtemperatur-Modifikationen unterschieden, die als Zusatz römische Ziffern tragen (vgl. 
Tabelle 1.1). Die Transformationstemperaturen liegen für die #T-Formen des oc-N^SizOs bei 
TIII? Tu = 676°C, bzw. Tu? Ti = 706°C [11]. Für y-Na2Si>05 wurden unterhalb der 
Umwandlung in die ß-Phase insgesamt drei thermische Ereignisse bei etwa 555°C, 574°C und 
595°C beobachtet. Die yiv-Phase soll dabei nach Hoffmann & Scheel [15] im Beugungsbild 
die Merkmale einer inkommensurabel modulierten Struktur aufweisen. 
Die Existenz einer weiteren metastabilen Disilikatvariante des sogenannten ö-Na^S^Os wurde 
ebenfalls von Hoffmann & Scheel nachgewiesen. Diese Phase kann durch die Temperung von 
amorphem Wasserglas auf Trägertabletten aus gesinterten Oxiden erhalten werden. Ein 
Strukturmodell der ö-Phase wurde von Kahlenberg et al. [16] bestimmt. 
Tabelle 1.1 Gitterkonstanten und Raumgruppen der NaaSfcOs - Modifikationen, die sich bei 
Normaldruck herstellen lassen. 







Durch Anwendung von Druck als zusätzlichem Syntheseparameter sind aus der Literatur zwei 
weitere Disilikatmodifikationen bekannt. Die sogenannte C - Phase bildet sich schon bei 
vergleichsweise niedrigen Drucken oberhalb circa 100 bar [11]. Bei sehr hohen Drucken (70 
kbar) wurde die Existenz des e-NaaS^Os von Fleet & Henderson [3] nachgewiesen und 
strukturell charakterisiert. Kanzaki et al. [5] berichteten über eine -^Na2SfeC>5 Phase. Spätere 
Arbeiten [4] zeigten jedoch, daß es sich bei dieser Verbindung um ein Natriumheptasilikat der 
Zusammensetzung NagSiyOig handelt. 












































Mon.Winkel [°] Literatur 
90 [11] 
[3] 
Im Gegensatz zum Natriumdisilikat ist das Kaliumdisilikat und seine Polymorphie deutlich 
weniger gut untersucht worden. Durch Temperung stöchiometrisch zusammengesetzter Gläser 
konnten Schweinsberg & Liebau [17] eine wahrscheinlich monokline Phase (£x - KaSfcOs) 
herstellen. 
Diese zeigt nach Sheybany [18] zwischen 240°C-250°C bzw. bei 560°C zwei thermische 
Effekte, die auf die Existenz von Hochtemperaturmodifikationen hindeuten. Ferner wurde 
kürzlich von de Jong et al. [19] eine weitere, wahrscheinlich metastabile Form des 
Kaliumdisilikats publiziert (ß - K^S^Os), bei der es sich im Gegensatz zu allen anderen 
bislang bekannten Na- und K- Disilikaten nicht um ein Schichtsilikat, sondern um ein 
unterbrochenes Tetraedergerüst handelt. 
Tabelle 1.3 Gitterkonstanten und Raumgruppen der bekannten K^SfeOs - Modifikationen. 
P Rau a[A] b[k] c [Ä] Mon.Winkel [°] Literatur 
hase mgruppe 
~a mön! 9?72 25.26 1424 90 [17] 
ß Clcl 16.322 11.243 9.919 115.97 [19] 
Geht man schließlich von den Endgliedern des Systems Na2-xKxSfeOs zu den kristallinen Na-
K-Mischphasen über, fehlten bislang jegliche strukturelle Informationen. Dies ist um so 
erstaunlicher, da die entsprechenden Gläser gleicher Zusammensetzung schon wiederholt 
Gegenstand spektroskopischer Untersuchungen waren [20-22]. Von den kristallinen 
(Na,K)2Sfe05-Phasen war nur ein indiziertes Pulverbeugungsdiagramm für eine Mischphase 
der Zusammensetzung NauoKojoSfeOs bekannt (Sakaguchi et al. [23]). Die Ähnlichkeit des 
Beugungsbildes deutete auf eine mögliche Verwandtschaft mit 5-Na2S^Os hin. 
Zusammenfassend läßt sich also sagen, daß es immer noch gravierende Lücken bezüglich 
kristallchemischer Basisdaten sowohl bei den Endgliedern, als auch bei den Mischphasen des 
Systems Na2SfeC>5 - J^S^Os gibt. Die vorliegende Arbeit soll ein Beitrag dazu sein, diese 
Lücken möglichst zu schließen. 
2. Strukturelle Hochtemperaturuntersuchungen an a-Na2Si2<Ds 
2.1 Stand der Forschung 
Die Kristallstruktur des a - Natriumdisilikates bei Raumtemperatur ist von Liebau [12] bzw. 
Pant & Cruickshank [13] eingehend untersucht worden. Die Struktur kristallisiert in der 
orthorhombischen Raumgruppe Pcnb und gehört zur Gruppe der Einfachschichtsilikate (vgl. 
Abbildung 2.1). Jeder S1O4 - Tetraeder besitzt ein freies und drei verbrückende 
Sauerstoffatome. Durch die Verknüpfung der Tetraeder über eine 2i- Schraubenachse 
entstehen zunächst Zwe/er-Einfachketten, die parallel zu [001] verlaufen. Durch die 
Verknüpfung der Ketten in ö - Richtung über gemeinsame Ecken entstehen schließlich 
Schichten, die Sechserringe aus Tetraedern in UDUDUD Konformation enthalten und 
senkrecht zur b - Achse liegen. Die Schichten sind nicht etwa planar, sondern weisen eine 
ausgeprägte Faltung auf, die innerhalb der Schichten zu kanalartigen Strukturen führt, vor 
deren Öffnungen die Na - Ionen liegen. Jedes Natriumatom ist von fünf Sauerstoffliganden in 
Form einer verzerrten trigonalen Bipyramide umgeben. 
(a) (b) 
Abb. 2.1: (a) Projektion der Struktur des a-Na2Si205 längs [001] (b) Projektion einer Einzelschicht längs [010] 
Erste Untersuchungen über die thermisch induzierten Umwandlungen der Phasen im System 
Na20-SiÜ2 stammen von Morey & Bowen [1] bzw. Kracek [2]. Diese wurden durch spätere 
Arbeiten von Willgallis & Range [10] sowie von Williamson & Glasser [11] ergänzt. Im Fall 
des a-Na2S^05 wurden beim Aufheizen zwei schwache endotherme Effekte bei etwa 676°C 
und 706°C beobachtet, die bei der Abkühlung als exotherme Ereignisse mit einer geringen 
Temperaturverschiebung ebenfalls beobachtbar sind. Dieses Resultat führte zu der Hypothese, 
daß beim cc-N^SizOs insgesamt drei Sub-Modifikationen unterschieden werden müssen, die 
sich reversibel ineinander umwandeln : 
am -Na2Si205 < 67^c )an-Na2Si2Os < 106C >«, -Na2Si2Os 
Gemäß den von Williamson & Glasser durchgeführten Pulverbeugungsmessungen sind die 
Umwandlungen mit sehr kleinen Änderungen im Beugungsdiagramm verknüpft. Die Autoren 
geben dabei die folgenden Gitterparameter an : 
am (bei RT): a = 6.409 Ä, b = 15.422 Ä, c = 4.896 Ä, orthorhombische Symmetrie 
an (bei 695°C): a = 6.64 Ä, b = 4.94 Ä, c = 7.72 Ä , ß=91 °, monokline Symmetrie 
OCi (bei 765°C): a = 6.64 Ä, b = 7.72 Ä, c = 4.98 Ä , orthorhombische Symmetrie 
Neuere thermische und röntgenographische Untersuchungen stammen von Jacobsen [24] bzw. 
Remmert [25]. Die DTA Messungen bestätigen prinzipiell die früheren Ergebnisse zur 
Existenz zweier reversibler Effekte. Die pulverdiffraktometrischen Messungen führten 
allerdings zu unterschiedlichen Ergebnissen. Die von Williamson & Glasser für die an - Phase 
postulierte monokline Zelle mit ß = 91° hätte zu einer Vielzahl von Reflexaufspaltungen 
führen müssen, die jedoch von den beiden oben genannten Autoren nicht nachvollzogen 
werden konnten. 
2.2 Synthesen 
Die Herstellung von einkristallinem Material des a- Na2S^05 erfolgte durch Rekristallisation 
eines Glases. Dazu wurden 5g einer Mischung aus Na2CC>3 (Fluka, 99%) und SiÜ2 (Quarz-
Feinmehl) im molaren Verhältnis 1:2 eingewogen und im Achatmörser homogenisiert. 
Anschließend wurden die Reaktanden in einen offenen Platintiegel gegeben, in einem 
Widerstandsofen bei 1100°C für 1 Stunde aufgeschmolzen und danach an Luft abgeschreckt. 
Zur Verbesserung der Homogenität des resultierenden Natriumdisilikatglases wurde die Probe 
aufgemahlen und der Vorgang insgesamt dreimal wiederholt. Die Kristallisation des Glases 
erfolgte durch Temperung bei 800°C innerhalb von 24h. Eine Kontrolle des Syntheseprodukts 
unter dem Polarisationsmikroskop zeigte nur noch geringe Glasanteile neben einer großen 
Zahl optisch zweiachsiger Kristalle (bis zu 0.3 mm Durchmesser), die eine scharfe 
Auslöschung aufwiesen. Um Hochtemperatur - Einkristallstrukturanalysen durchzuführen, 
wurden insgesamt vier Kristalle ausgewählt und in Kapillaren aus Quarzglas (Durchmesser 
0.2 mm) eingebracht. Die Größe der Kristalle wurde so gewählt, daß diese durch einfaches 
Einklemmen in den Kapillaren fixiert werden konnten. Die verbleibende Menge der Probe 
wurde gemahlen und für die thermische Analyse, sowie Hochtemperatur- Pulveraufhahmen 
vorbereitet. 
2.3 Thermische Untersuchungen 
Die thermisch induzierten Umwandlungen wurden mittels einer simultanen TG-DTA-DSC 
Thermoanalyse der Firma SETARAM (Typ SETSYS TG DTA 12) untersucht. Eine Menge 
von 85.63 mg der gemahlenen Disilikatprobe wurde an Luft mit einer Heizrate von je 10 
K/min zunächst aufgeheizt und anschließend abgekühlt. Die Ergebnisse der Messungen sind 
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Abb. 2.2: TG(%)-, DTG(%)-, T(°C)- und Wärmefluß Kurven (DSC) als Zeitfunktion (min.) 
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Abb. 2.3: Die DSC Kurve als Temperaturfunktion während (a) Aufheizung und (b) Abkühlung 
Die thermogravimetrische Kurve (TG, vgl. Abbildung 2.2) zeigt innerhalb des gemessenen 
Bereiches während des Aufheizens einen Massenverlust von etwa 1.7 Gew.%, der der Abgabe 
von adsorptiv gebundenem Wasser zugeordnet wird. In der DSC Kurve (vgl. Abbildung 2.3) 
sind im Temperaturintervall zwischen 650°C und 726°C zwei endotherme thermische 
Ereignisse erkennbar. Der erste Effekt zwischen 650°C und 698°C erreicht sein Maximum bei 
681.5°C, während der zweite (zwischen 698°C und 726°C) ein Tmax. = 709.2°C aufweist. Die 
Signale sind relativ breit und überlappen teilweise (die DSC Kurve zwischen den Peaks kehrt 
nicht zur Nullinie zurück). Beide Effekte sind reversibel, jedoch kommt es zu einer kleineren 
Hysterese (Tmax= 707.8°C bzw. 680.2°C). Zusammenfassend läßt sich aussagen, daß die 
eigenen thermoanalytischen Messungen die Resultate der älteren Arbeiten bestätigen. 
2.4 Hochtemperatur - Pulverdiffraktometrie mittels Neutronenbeugung 
Die Beobachtung, daß die Phasenübergänge im a - NaaS^Os nahezu keine thermische 
Hysterese zeigen und kleine Umwandlungsenthalpien aufweisen, macht es wahrscheinlich, 
daß die Transformationen nur mit kleinen strukturellen Änderungen verknüpft sind. Da die 
früheren röntgenographischen HT- Beugungsuntersuchungen an Pulverproben zu 
widersprüchlichen Ergebnissen führten, wurden im Rahmen dieser Arbeit ergänzende 
Experimente unter Verwendung von Neutronenstrahlung in Kooperation mit dem Hahn-
Meitner-Institut in Berlin durchgeführt. Die temperaturabhängigen Messungen erfolgten dabei 
am sogenannten "flat cone" E2 Diffraktometer, das mit einem gebogenen ortsempfindlichen 
BF3 Detektor ausgerüstet ist und einen Bereich von 90° 20 erfaßt. Etwa 2g der Probe wurden 
in einen Probenbehälter aus Vanadium (Durchmesser etwa 8 mm) eingebracht, der dann in 
einen Ofen montiert und auf dem Diffraktometer justiert wurde. Insgesamt wurden sechs 
Datensätze bei Raumtemperatur (1); 670°C (2); 690°C (3); 700°C (4); 720°C (5); 750°C (6) 
aufgenommen. Die Wellenlänge betrug 1.2194 Ä. Die Abbildung 2.4 zeigt je einen 
Ausschnitt dieser Beugungsdiagramme im Bereich zwischen 10° und 54° 20 als Funktion der 
Temperatur. Zusätzlich markiert sind Re flexe, die durch Streustrahlung an den Niobschilden 
der Probenheizung verursacht wurden. Für die Reflexgruppe (101), (111) und (040) sollte es 
nach den Ergebnissen von Williamson & Glasser und den von uns gewählten 
Meßbedingungen zu einer deutlich erkennbaren Aufspaltung kommen, die jedoch nicht 
beobachtet werden konnte. Somit konnte die von Williamson & Glasser postulierte 
Umwandlungsabfolge der orthorhombischen am-Phase in eine monokline an-Phase und 
anschließend wieder in die orthorhombische oci-Phase nicht nachvollzogen werden. 
Abb. 2.4: Neutronen-Pulverbeugungsaufnahme von a - Na2Si20s bei verschiedenen Temperaturen : 
(1) Raumtemperatur; (2) 670°C; (3) 690°C; (4) 700°C; (5) 720°C; (6) 750°C 
2.5 Hochtemperatur - Einkristalldiffraktometrie 
Die Hochtemperaturmessungen an Einkristallen wurden an einem STOE IPDS-
Diffraktometer durchgeführt. Das Gerät enthält als Zusatz einen Blaseofen, der Messungen 
bis etwa 1000°C ermöglicht. Details zur Konstruktion des Ofens finden sich z.B. in der Arbeit 
von Scheufler [26]. Die Aufheizung der Probe erfolgte im heißen Stickstoffgasstrom bei 
einem Gasdurchfluß von circa 50 1/h. Nach jeder Temperaturerhöhung wurde jeweils zur 
Einstellung des thermischen Gleichgewichts am Probenort eine Haltezeit von 30 min 
eingelegt. Nach Ende der Messung erfolgte die übliche Datenreduktion. Für die strukturellen 
Rechnungen wurde das Programm SHELXL-93 [27] verwendet. Eine Zusammenstellung der 
Meßbedingungen und der Ergebnisse der Strukturuntersuchungen zeigt die folgende Tabelle : 







Abstand zwischen Detektor und Probe 
Schrittweite in <)> (°) 
Platte (0.08 x 0.23 x 0.15 mm3) 
Stoe - IPDS 
Graphit 
MoK«, X= 0.71073 Ä 
50 kV, 40 mA 
70 mm 
2.0 
Anzahl der gesammelten Bilder 
Belichtungszeit / Bild (min.) 
e - Bereich ( ° ) 
Temperaturen (°C) 
Reflexbereiche Iw, Jw 
Kmiii» K U K 
Inin, Imax 
Anzahl der gemessenen Reflexe 
Anzahl der unabhängigen Reflexe in nimm 
Rjnt mmmm (%) 
Anzahl der beobachteten Reflexe (] 
Temperatur (°C) 
Anzahl der verfeinerten Parameter 
R l (F 0 >4a(F 0 ) ) 
wR2(F0>4o(F0))(%) 
Wichtungsparameter a (x 1 ff4) 
Goodnessof Fit 
Finale Apmin ( e / A 3 ) 
Finale Apmax ( e / Ä 3 ) 
R1=I | |F 0 | - |F C | | /Z |F 0 | 
w=l/(<T(F0 2) + (aP)2) 



























































































































Der Verlauf der Gitterkonstanten als Funktion der Temperatur ist in der Abbildung 2.5 
wiedergegeben. Abweichungen von der durch die thermische Ausdehnung bedingten 
normalen Entwicklung sind im Bereich der Phasenübergänge insbesondere für die 
Abhängigkeit der b - Achse (Abbildung 2.5(b)) in Form einer Diskontinuität zu erkennen. 
Temperatur [ °C] • i > i—i—i— » i ' T 100 200 300 400 SOO 
Temperatur pC] 
(a) (b) (c) 
Abb. 2.5: Temperaturabhängigkeit von Gitterkonstanten (a) a ; (b) b ; (c) c 
Betrachtet man die Intensitäten der Datensätze, so ist zwischen 690°C und 694°C eine 
deutliche Änderung zu beobachten. Während bei 690°C noch eine orthorhombische primitive 
Zelle vorliegt, zeigt der bei 694°C aufgenommene Datensatz eine integrale Auslöschung, die 
für die Existenz einer A - Zentrierung spricht. Die Untersuchung aller systematischen 
Auslöschungen ergab für die HT-Phase die Raumgruppe Abal mit der folgenden Metrik : 
a = 6.5050(12) Ä, b = 15.437(3) Ä, c = 4.9938(15) Ä, V = 501.49 Ä3. Die 
Kristallstrukturanalyse der //T-Phase wurde an dem bei 720°C aufgenommen Datensatz 
vorgenommen und bestätigte die Hypothese einer engen Verwandtschaft zwischen den beiden 
Phasen (vgl. Abbildung 2.6). 
Schicht 2 




Abb. 2.6: Projektionen der Strukturen (a) der am-Phase (20°C) und (b) der#T-Phase (720°C) 
Auch in der HT-Modifikation enthalten die Schichten Sechseringe aus [SiC>4] - Tetraedern in 
der UDUDUD Konformation. Die Kanäle in Richtung der c-Achse sind ebenfalls von Na+ 
Ionen besetzt, die je fünffach in Form einer verzerrten trigonalen Bipyramide von OAtomen 
koordiniert sind. Die wesentliche strukturelle Änderung vollzieht sich innerhalb der 
sogenannten Schicht 1, während die Schicht 2 nahezu unverändert bleibt (vgl. Abbildung 2.7 
bzw. 2.8). Sie kann auf eine Bewegung der Sauerstoffatome 02 zurückgeführt werden, die 
sich in der a - c - Ebene abspielt. Die Verschiebung führt zu einer Änderung der Orientierung 
der ditrigonalen Sechseringe, zum Verlust der Symmetriezentren zwischen benachbarten 




Abb. 2.7: Projektion der Schicht 1 auf die a-c Ebene: (a) aI l rPhase (20°C) und (b) #7-Phase (720°C) 
(a) (b) 
Abb. 2.8: Projektion der Schicht 2 auf die a-c Ebene : (a) anrPhase (20°C)und (b) HT-Phase (720°C) 
Zusammenfassend läßt sich aussagen, daß die Ergebnisse der Einkristallstruktur-
untersuchungen momentan nur auf die Existenz eines Phasenübergangs hinweisen. Dieser 
Befund steht im Widerspruch zu den Resultaten der thermischen Messungen. Eine mögliche 
Erklärung hierfür könnte in der mangelnden thermischen Langzeitstabilität der Heizung am 
Diffraktometer liegen, die eine Auflösung der dicht benachbarten Effekte stark erschwert und 
die sichere Temperaturzuordnung beeinträchtigt. Es läßt sich nicht ausschließen, daß es 
während der Messungen innerhalb des kritischen T-Intervalls von etwa 30°C zu einer 
"Verschmierung" der Umwandlungen kommt und die intermediäre Phase daher nicht erfaßt 
werden konnte. 
11 
3. Strukturelle Untersuchungen an Kaliumdisilikat (K^SiiOs) 
3.1 Stand der Forschung 
Im Vergleich zum Natriumdisilikat lagen zur entsprechenden kaliumhaltigen Verbindung 
bislang nur wenige Informationen vor. Eine kristalline Phase der Zusammensetzung K2S12O5 
wurde erstmals von Kracek et al. [28] erwähnt. Diese soll bei 594°±5°C eine reversible 
Umwandlung durchlaufen. Aus den Ergebnissen einer späteren Arbeit zur 
Temperaturabhängigkeit des Brechungsindex im K^S^Os schloß Sheybany [18] auf die 
Existenz von zwei Phasenübergängen im Temperaturbereich zwischen 200°C und 600°C und 
postulierte die folgende Phasenabfolge: 
K2Si2Os-I( 24<f-25(fc > K2Si2Os - II <. '56(fc >K2Si2Os -III 
Aus röntgenographischen Untersuchungen bei Raumtemperatur konnten bisher zwei 
verschiedene Varianten unterschieden werden. DeJong et al. [19] beschrieben eine K^S^Os -
Phase, die in einer für ein Si: O Verhältnis von 1 : 2.5 recht ungewöhnlichen unterbrochenen 
Tetraedergerüststruktur kristallisiert (Raumgruppe Cc mit a = 16.322(2) A,b= 11.243(2) Ä, c 
= 9.919(1) Ä, ß = 115.97(1)°, Z = 12). Es liegen dabei ausschließlich ternäre (Q3) Tetraeder 
vor. Die Struktur kann im Prinzip aus der Cristobalitstruktur abgeleitet werden und enthält 
Schichten aus einfachen Sechserringen von Tetraedern (S6R) in der sogenannten „chair"-
Konformation. Die Synthese erfolgte durch die Decarbonatisierung der Reaktionsmischung 
(K2C03 und Quarz im Verhältnis 1:2) bei 750°C, die dann zunächst bei 1300°C 
aufgeschmolzen und schließlich mit 30°C/h bis auf 785°C abgekühlt wurde. Das resultierende 
Glas wurde dann für insgesamt 78 Stunden auf dieser Endtemperatur gehalten und 
abgeschreckt. Es sei an dieser Stelle daraufhingewiesen, daß nach De Jong et al. genau ein(!) 
Kristall dieser Phase in der gesamten Probe gefunden wurde. Über die anderen kristallinen 
Phasen finden sich leider keine weiteren Angaben. 
Eine zweite Modifikation ist schon seit längerer Zeit bekannt und von Schweinsberg & 
Liebau [17] untersucht worden. Die ebenfalls durch die Kristallisation von Gläsern erhaltene 
Verbindung zeigte in Einkristallbeugungsaufnahmen eine orthorhombische Zelle mit 
Gitterkonstanten von a = 9.72(6) Ä, b - 25.26(10) Ä, c = 14.24(11) Ä. Die systematischen 
Auslöschungen ließen sich allerdings mit keiner orthorhombischen Raumgruppe vereinbaren. 
Ferner zeigte die Intensitätsverteilung im reziproken Raum die typischen Merkmale einer 
Überstruktur: Reflexe mit k = 3n waren deutlich intensitätsstärker. 
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Eine detaillierte Strukturanalyse scheiterte an der intensiven polysynthetischen 
Verzwillingung, die in ausnahmslos allen untersuchten Kristallen auftrat. 
3.2 Synthese 
Die eigenen Synthesen orientierten sich an der in [17] angegebenen Vorschrift. 
Kaliumcarbonat wurde mit Quarz gemäß der Gleichung 
2Si02 + K2CO3 -> K2S12O5 + C0 2 
umgesetzt. Je 2g einer Reaktionsmischung (K2CO3 Riedel deHaen 99% und SiÜ2 Feinmehl) 
wurden im offenen Platintiegel decarbonatisiert, bei 1100°C für 2h aufgeschmolzen und auf 
Raumtemperatur abgeschreckt. Nach erneutem Aufmahlen, Homogenisieren und 
Aufschmelzen erfolgte die Kristallisation des glasigen Produktes schließlich bei 800° C. Da 
sich die Edukte an Luft innerhalb von 1 - 2 Stunden zersetzten, wurden die Proben sofort in 
einen Trockenschrank bei 200°C eingebracht. Die Präparationsvorgänge für die 
Pulverröntgenaufnahmen, die NMR-Messungen und thermischen Analysen wurden in einer 
Glovebox unter Argonatmosphäre durchgeführt. Die Vorauswahl von einkristallinem Material 
für die Beugungsexperimente erfolgte unter dem Polarisationsmikroskop, wobei die Probe 
zum Schutz gegen Hydratisieren in Immersionsöl eingebettet wurde. Die Kristallite zeigten 
einen plattigen Habitus und die schon in [17] erwähnte ausgeprägte Neigung zur 
Zwillingsbildung. 
3.3 Thermische Untersuchungen 
Die thermoanalytische Charakterisierung wurde an einer NETZSCH STA 449C - Anlage 
durchgeführt. Eine Pulverprobe von 48.87 mg wurde in einer Argonatmosphäre zwischen 
Raumtemperatur und 800° C in Korundtiegeln untersucht. Für Aufheizung und Abkühlung 
wurde jeweils eine Rate von 10°C/min. gewählt. Die Ergebnisse sind in den folgenden 
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Abb. 3.1: DTA-Kurve von Kaliumdisilikat (KsSiiOs) bei der Aufheizung 
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Abb. 3.2: DTA-Kurve von Kaliumdisilikat (K2Si205) bei der Abkühlung 
Während der Aufheizung finden im Temperaturbereich zwischen 200°C und 600°C zwei 
endotherme Ereignisse bei 217.8°C und 580.1°C statt. 
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Beide Effekte sind vergleichsweise breit und mit niedrigen Wärmetönungen verknüpft. Die 
Umwandlungen verlaufen reversibel, zeigen jedoch bei der Abkühlung eine deutliche 
Hysterese (Tmax. = 572.4°C bzw. 188.7°C). Die Gewichtsverluste während der Messung 
waren zu vernachlässigen. 
3.4 Röntgenstrukturanalyse 
Um die Gefahr der Zersetzung der luftempfindlichen Kristalle während der Datensammlung 
zu reduzieren, wurde die Messung am IPDS Einkristalldiffraktometer bei einer Temperatur 
von -100°C durchgeführt. Dazu wurde ein verzwillingter Kristall mit einem Durchmesser von 
circa 0.1 mm mittels eines Glasfadens aus dem Immersionsöl aufgenommen und sofort in den 
kalten Stickstoffgasstrom des Tieftemperaturzusatzes (Oxford Cryosystems - 600 Series 
Cryostream) gebracht. Das Öl wird bei dieser niedrigen Temperatur fest, fixiert den Kristall 
und umhüllt ihn gleichzeitig mit einer luftundurchlässigen Schutzhaut. Eine 
Zusammenstellung der Meßbedingungen ist in der folgenden Tabelle wiedergegeben. 







Schrittweite in § (°) 
Anzahl der gesammelten Bilder 
Belichtungszeit / Bild (min.) 
26 - Bereich ( ° ) 
Temperatur (°C) 
Anzahl der gemessenen Reflexe 
Anzahl der beobachteten Reflexe ( I > 2 cr(I)) 
Platte 
Stoe - IPDS 
Graphit 
MoK«, >t = 0.71073 Ä 









Die resultierende primitive Zellmetrik (a = 9.7477(10) Ä, b = 14.2330(32) Ä, c = 24.8812(26) 
Ä, V = 3452.0(15) Ä3) zeigt, daß es sich bei den Kristallen um die gleiche Phase handelt, die 
auch schon von Schweinsberg beschrieben wurde [17]. Die Mittelung der Daten in der 
Lauegruppe mmm ergab einen vergleichsweise schlechten inneren R-Wert von 0.19. Im 
nächsten Schritt wurden die Intensitäten nun in den drei monoklinen Untergruppen mW, \m\ 
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bzw. lim gemittelt. Während die inneren R-Werte in den ersten beiden Fällen nahezu 
unverändert schlecht blieben, resultierte für die Lauesymmetrie lim eine deutliche 
Verbesserung (Rint. = 0.11). Die Verbindung gehört also offenbar dem monoklinen 
Kristallsystem an, wobei die symmetrietragende Richtung in der oben gewählten Aufstellung 
längs c verläuft. Versuche, die Struktur dieser Phase zu lösen, schlugen bislang fehl. Eine 
mögliche Erklärung hierfür liegt in der stark ungleichen Intensitätsverteilung der Reflexe im 
reziproken Raum. Neben wenigen starken Hauptreflexen gibt es eine große Zahl sehr 
schwacher Überstrukturreflexe (vgl. Abb. 3.3). 
W (b) 
Abb. 3.3: Schichten 0kl (a) und hOl (b) im reziproken Raum. 
Reflexe (hkl) mit / = 3-n sind überdurchschnittlich stark. Die Kristallstruktur des 
Kaliumdisilikats kann somit im Prinzip durch die kommensurable Modulation einer 
gemittelten Struktur erklärt werden, deren Gitterkonstante in Richtung [001] nur etwa 8.3 ? 
(= c/3) beträgt. Um zumindest eine Aussage über diese gemittelte Struktur treffen zu können, 
wurde der Datensatz auf die Hauptreflexe mit / - 3n reduziert und eine Transformation von 
der ersten in die zweite monokline Aufstellung vorgenommen. Diese Untermenge von 
Reflexen zeigte integrale und serielle Auslöschungen, deren Systematik auf die möglichen 
Raumgruppen Cc bzw. C2/c hindeuteten. 
Die Anwendung direkter Methoden [29] führte im Fall der Raumgruppe C2/c zu einem 
kristallchemisch plausiblen Strukturmodell, wobei allerdings bei der Beurteilung in Betracht 
gezogen werden muß, daß es sich um eine Projektion von insgesamt drei leicht verschiedenen 
Subzellen in einer gemeinsamen Zelle handelt. Die gefundene Strukturlösung wurde mittels 
des Programms SHELXL-93 [27] mit isotropen Temperaturfaktoren verfeinert. 
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Tabelle 3.2: Zusammenfassung der Struktur- und Verfeinerungsparameter der gemittelten 
Struktur des K2Sfe05. 
( A ) 




c ( Ä ) 
ß(°) 




Dcaic (g cm3) 
H(mm'') 
Indexbereich 
Anzahl der unabhängigen Reflexe im 2/m 
Rint in 2/m 
Strukturverfeinerung 
Anzahl der verfeinerten Parameter 
R l ( F 0 > 4 a ( F 0 ) ) 
wR2 ( F0 > 4 o(F0)) 
Wichtungsfaktor a 
Goodness of Fit 
FinalApm i n(e/Ä 3) 
FinalApmax(e/Ä3) 
R1=S| |F0 | - |FC | | / S|F0 | 





















wR2 = (Z(w(F02 -Fc2)2) / S(w(F02)2))'/2 
P = (2Fc2+max(Fo2,0))/3 
Die gemittelte Struktur gehört zur Gruppe der Einfach-Schichtsilikate, zu der auch andere 
kaliumhaltige Disilikate, wie z.B. KLiS^Os [30] oder mehrere der im Rahmen dieser Arbeit 
charakterisierten Na-K-Disilikate zählen. Die Schichten laufen senkrecht zur c- Achse und 
bestehen ausschließlich aus Vierer- und Achterringen (Abbildung 3.4). Dieses Ergebnis 
unterscheidet das Kaliumdisilikat allerdings deutlich von den Na-haltigen Schichtsilikaten mit 
Disilikatchemismus, in denen immer auch Sechserringe vorkommen. Die Verfeinerung zeigte, 
daß alle verbrückenden Sauerstoffatomen (02-03, 04-08, 06 und 07) Splitpositionen 
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besetzen. Dies ist nicht unbedingt verwunderlich, da die es sich um eine Projektionstruktur 
handelt. Die mittleren Si-O Abstände der zwei unabhängigen Si-Atome betragen 1.628Ä bzw. 
1.634Ä. Diese Werte sind signifikant größer als der von Baur [31] für Schichtsilikate 
angegebene Mittelwert von 1.617Ä. Die mittleren O-Si-0 Winkel nehmen Werte von 110.1° 
bzw. 108.95° an. 
(a) (b) 
Abb. 3.4: Projektion der gemittelten Struktur längs [001] (a) bzw. längs [100] (b). 
In den Hohlräumen zwischen den Schichten liegen die hellgrau eingezeichneten 
Kaliumatome. Sie sind von jeweils mindestens fünf Sauerstoffatomen koordiniert. Auf eine 
detaillierte Auflistung der Atomkoordinaten und der interatomaren Abstände und Winkel sei 
an dieser Stelle verzichtet, da es sich bei der Lösung der gemittelten Struktur lediglich um ein 
vorläufiges Ergebnis handelt. 
3.5 Pulverdiffraktometrische Messungen 
Pulverdiffraktometrische Untersuchungen an polykristallinem Kaliumdisilikat wurden bei 
Raumtemperatur und bei erhöhten Temperaturen an einem Transmissionsgerät der Firma 
STOE mit linearem PSD Detektor durchgeführt. Als Probenbehälter wurden 
Quarzglaskapillaren (Durchmesser ca. 0.5 mm) verwendet. Die Messungen erfolgten in einer 
Schutzgasatmosphäre (Argon) im Winkelbereich zwischen 10.03° und 99.99° 29 mit 
Schrittweiten von 0.01°. Die Abbildungen 3.5 und 3.6 zeigen die Ergebnisse zweier 
strukturunabhängiger Profilanpassungen bei Raumtemperatur nach der Le-Bail Methode, die 
mit dem Programm FULLPROF vorgenommen wurden [32]. Für den in Abbildung 3.5 
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wiedergegeben Fit wurde die kleine Gzentrierte Zelle der gemittelten Struktur verwendet. 
Das in Abbildung 3.6 gezeigte Ergebnis basiert dagegen auf der großen orthorhombischen 
Zelle mit verdreifachter c-Gitterkonstante. 
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Der Fit unter Verwendung der Metrik der gemittelten Struktur ergibt eine signifikant 
schlechtere Anpassung. So läßt sich z.B. der im Abb. 3.5 mit einem Pfeil markierte Reflex bei 
etwa 26.3° 20 nicht mit der dieser Zelle erklären. Da es bei einer Pulveraufnahme im 
Gegensatz zu einem Einkristallbeugungsexperiment auf Grund der Mittelung über viele 
Kristallitorientierungen zu keiner Vortäuschung zu großer Zellen als Folge einer 
pseudomeroedrischen Verzwillingung kommen kann, muß die Gesamtstruktur tatsächlich in 
einer großen Zelle mit einer c- Gitterkonstante von knapp 25 Ä beschrieben werden. 
Ergänzt wurden die pulverdiffraktometrischen Untersuchungen durch HT-Messungen bei 
300°C bzw. 650°C. Eventuelle strukturelle Änderungen der beiden in den thermischen 
Analysen beobachteten Effekte sollten damit nachweisbar sein. Die Abbildung 3.7 zeigt die 
entsprechenden Beugungsdiagramme, ergänzt durch zwei Messungen bei Raumtemperatur, 
die jeweils vor bzw. nach der Aufheizung erfolgten. Aufgrund des durch die 
Probenumgebung bedingten relativ hohen Untergrunds war eine weitergehende Analyse der 
Auswirkungen auf die Pulverdiagramme, insbesondere bei den schwachen Reflexen, nicht 
gegeben. Die zwei auffälligsten Bereiche in denen sich Änderungen in den 
Beugungsaufnahmen vollziehen, sind markiert. 
3 O ~ £*'<3 
Abb. 3.7: Hochtemperatur-Pulveraufnahmen von K2Si205 
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3.6 29Si MAS NMR-Untersuchungen an K2Si205 
Im Rahmen dieser Arbeit wurde versucht, mittels 29Si-MAS-NMR-Spektroskopie zusätzliche 
Informationen über die Si-Lagen innerhalb der Elementarzelle zu gewinnen. Diese Methode 
ist in unserem Fall eine empfindliche Sonde zur Untersuchung der Si-Umgebung. Das Isotop 
29Si hat den Kernspin 1=1/2 und kann mit einer natürlichen Häufigkeit von ca. 5% bei NMR-
Untersuchungen als sogenannter isolierter Kern betrachtet werden, was die Analyse und den 
Messvorgang sehr vereinfacht. Die Messung selbst erfolgte an einem BRUKER Avance 
500WB Spektrometer. Die Stärke des Magnetfeldes war 11T , die MAS-Frequenz betrug 
20.83 kHz. Die Resonanzfrequenz liegt bei 99.4 MHz. Die Abbildung 3.8 zeigt das 
gemessene 29Si-MAS-NMR Spektrum des K2S12O5. 
296*-MAS K2Si2D5 HD=10DOO (SR=14227. 4B) 
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29 Abb 3.8: zySi-MAS-NMR Spektrum des K2Si205 
Das Spektrum zeigt einen scharfen Peak bei -91.38 ppm und noch zwei zusätzliche breite Signale, in denen sich 
mindestens vier zusätzliche Peaks bei -92.50 ppm, -93.17 ppm, -94.15 ppm und-94.37 ppm verbergen. Dies 
deutet daraufhin, daß in der wahren Zelle der Kaliumdisilikatstruktur von mindestens fünf symmetrisch 
unabhängigen Si-Atomlagen auszugehen ist. Die angegebenen chemischen Verschiebungen liegen zwischen den 
beim 8-Na2Si20s gemessenen Werten (-90 ppm) und denen des 0C-Na2Si2O5 (-94 ppm). 
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4. Hydrothermalsynthesen und röntgenographische Untersuchungen an den 
Mischphasen Na2.xKxSi20s 
4.1 Stand der Forschung 
Erste Untersuchungen im System Na2S^Os bei Drucken bis 400 bar wurden von Williamson 
& Glasser [11] vorgenommen. Die Autoren bestimmten die Existenzbereiche von insgesamt 
drei Modifikationen: a-N^S^Os, ß-Na2SfeOs und das sogenannte C-Na2SfeOs. Während die 
cc- und ß- Phase sich auch bei Normaldruck bilden, handelt es sich bei der C-Variante um eine 
reine Hochdruckphase, die allerdings abgeschreckt werden kann. Der Tripelpunkt der drei 
Phasen liegt etwa bei einer Temperatur von 715°C und einem Druck von 90 bar. Diese 
Ergebnisse wurden prinzipiell in einer späteren Arbeit von Jacobsen [24] bestätigt. Im Bereich 
höherer Drucke ist die Existenz der oben erwähnten GPhase bis mindestens 25 kbar (bei 
900°C) gesichert (Kanzaki et al. [5]). Oberhalb 50 bis 60 kbar schließlich taucht dann eine 
neue Phase, das sogenannte e-Na2S^Os auf (Fleet & Henderson [3]). Über die Bildung von 
Hochdruckphasen der Zusammensetzungen Na2-xKxSfe05 lagen bislang keine Informationen 
vor. Entsprechende Synthesen waren erstmals Gegenstand dieser Arbeit. 
4.2 Synthesen und Ergebnisse 
Als Startsubstanzen zur Synthese dienten Natriumcarbonat Na2CC>3 (Fluka 99%), 
Kaliumcarbonat K^S^Os (Riedel deHaen 99%) und Quarz-Feinmehl. Nach der 
Homogenisierung im Achatmörser wurden die Reaktionsgemische (je lg der 
Ausgangsprodukte) im Pt-Tiegel decarbonatisiert, bei 1000°C innerhalb 20 Minuten 
aufgeschmolzen und danach an Luft abgeschreckt. Die resultierenden Gläser wurden 
insgesamt dreimal aufgemahlen und der Schmelzvorgang wiederholt, um eine bessere 
Homogenität zu erreichen. Zwischen 0.20 und 0.25g der Glasproben wurden anschließend 
zusammen mit 1 Gew.% Wasser in Goldkapseln (5 mm Innendurchmesser, 0.2 mm 
Wanddicke, Länge 22-25 mm) gefüllt und zugeschweißt. Vor jeder Hydrothermalsynthese 
erfolgte ein Test, ob die Kapseln auch dicht verschlossen waren. Die Proben wurden in der 
Hydrothermalanlage des Bayerischen Geoinstituts in Bayreuth zunächst bei Raumtemperatur 
auf den jeweiligen Enddruck gebracht. Danach erfolgte die isobare Erwärmung auf die 
gewünschte Synthesetemperatur, die für jeweils 24h gehalten wurde. Anschließend wurden 
die Kapseln aif Raumbedingungen abgeschreckt. Als druckübertragendes Medium wurde 
Wasser verwendet. Die Synthesebedingungen, sowie die Produkte sind in der Tabelle 4.1 
zusammengefaßt. Die kristallinen Phasen sind mit (1), (2), (3) und (4) bezeichnet. 
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Die strukturellen Charakterisierungen sind in den Manuskripten des Anhangs enthalten. Die 
einzelnen Nummern stehen dabei für die folgenden Phasen : 
Typ 1 -Nao.67Ki.33Sfe05 (Siehe Seite 92 - 110) 
Typ 2 - NaKSizOs-II (Siehe Seite 92 - 110) 
Typ 3 -Nai.84Ko.i6Si>05 (Sehe Seite 75 - 91) 
Typ 4 - K-Na2Si>05 (Siehe Seite 75 - 91) 
Tabelle 4.1: Zusammenstellung der Ergebnisse der Hydrothermalsynthesen an Mischphasen 


































































Glas + polykristallines K^StOs, 
sehr luftempfindlich 
Glas + Typl (polykrist. / größere Krist.) 
Glas + größere Kristalle des Typl 
Glas 
Glas 










Glas + ß-NazSfeOs 
Glas + ß-Na2Si205 + Quarz 
Glas + C-Na2Sfc05 
Glas + größere Kristalle des Typ 4 
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5. Synthesen bei Normaldruck und röntgenographische Untersuchungen an den 
Mischphasen Na2-xKxSi2C>5 
5.1 Stand der Forschung 
Wie schon in der Einleitung dieser Arbeit erwähnt, lagen bislang nur wenige 
kristallchemische Informationen über die kristallinen Phasen im System Na2-xKxSfeC>5 vor. 
Lediglich von Sakaguchi et al. [23] ist eine Arbeit bekannt, in der durch Fällungsreaktionen 
Phasen der Zusammenstzung Na2-xKxSfe05 mit x~0.6-0.9 hergestellt werden konnten. Das 
Pulverbeugungsdiagramm einer Probe mit der Zusammensetzung Nai^Ko^S^Os konnte in 
einer monoklinen Zelle mit a = 4.84 k,b = 8.69 Ä, c = 11.97 Ä, ß = 90.37° indiziert werden. 
Als mögliche Raumgruppe wurde Pl\lc in Betracht gezogen, eine Strukturlösung allerdings 
nicht durchgeführt. 
5.2 Synthesen und Ergebnisse 
Die eigenen Synthesen im Bereich 0 = x = 1 basierten auf der Kristallisation von Gläsern. Als 
Edukte dienten Natriumcarbonat Na2CC>3 (Fluka 99%), Kaliumcarbonat K^SfeOs (Riedel 
deHaen 99%) und Quarz-Feinmehl. Die Herstellung der Ausgangsgläser erfolgte analog zu 
den entsprechenden Synthesen für die Hydrothermalexperimente. Diese wurden dann jeweils 
bei verschiedenen Temperaturen und über verschiedene Zeitintervalle getempert (vgl. Tabelle 
5.1). 
Tabelle 5.1: Zusammenstellung der Synthesebedingungen. 
Zusammensetzung der 
Ausgangsgläser 



































Die Produkte wurden polarisationsmikroskopisch und röntgenographisch untersucht. Die 
Quantifizierung der kristallinen Phasen erfolgte, soweil möglich, nach der Rietveldmethode. 
Die Ergebnisse sind in der folgenden Tabelle 5.2 zusammengefaßt. Mit Typ A, B und C 
sollen dabei die folgenden Strukturtypen bezeichnet werden, die in den Manuskripten im 
Detail behandelt werden : 
Typ A - Strukturtyp des Nai.55Ko.45Sfc05 (Siehe Seite 30 - 42) 
TypB - Strukturtyp des Nai^KaiöSfeOs (Siehe Seite 75 - 91) 
Typ C - Strukturtyp des NaKSi>05-I (Siehe Seite 43 - 56) 















































Gitterkonstanten (a [Ä], b[A], 
Raumgruppe 
6.431 ; 15.426; 4.902 ; Pcnb 
4.844 ; 8.422 ; 12.034 ; 90.38° 
6.440; 15.426; 4.841 ; Pcnb 
4.955; 8.431 ; 11.993 ; 91.09° 
6.421 ; 15.417; 4.878; Pcnb 
4.825; 8.428; 11.978 ; 90.66° 
6.419 ; 15.423 ; 4.901 ; Pcnb 
4.835; 8.416; 12.080 ; 90.41° 
4.840; 8.169; 12.087 ; 90.36° 
4.813; 8.302; 11.996 ; 90.43° 
4.845 ; 8.703 
8.701 ; 4.902 
4.829 ; 8.675 
8.189; 4.843 
4.846 ; 8.681 

















7.3005 ; 17.389 ; 12.353 ; 91.14 ; P2i/n 
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Im Allgemeinen wurden mehrphasige Produkte erhalten. Vertreter des Strukturtyps A 
tauchten über einen weiten Bereich von x = 0.1 bis x = 0.9 auf. Interessant ist in diesem 
Zusammenhang, daß in den Synthesen auch offensichtlich Kristalle des Typs B auftreten, die 
auch in den Hydrothermalsynthesen in Form von Einkristallen nachgewiesen wurden. Für x = 
1.0 kommt es zu einer drastischen Änderung des Phasenbestands. Neben Kristallen des Typs 
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7. The crystal structure of a mixed alkali phyllosilicate with compositum 
Nai^5Ko.45Si205 
S. Rakic and V. Kahlenberg 
Fachbereich Geowissenschaften ( Kristallographie ), Universität Bremen, 
Klagenfurter Str., D - 28359 Bremen, Germany 
Abstract 
The crystal structure of Nai.ssKo^SfcOs has been solved and refmed to a final residual 
Rl of 0.048 for 1208 independent reflections. The Compound is monoclinic with space group 
P2i/c (a = 4.845(1) Ä, b = 8.647(2) Ä, c = 11.992(3) Ä, ß = 90.31(4)°, V= 503.1(4) Ä3, Mr = 
189.40 u, Z = 4, X(MoKa) = 0.71073 Ä, D* = 2.51 g/cm3, [i(MoKa) = 1.14 mm-1). The crystal 
showed twinning by pseudo-merohedry according to 2[ioo], a feature which was accounted for 
in the refinements. The Compound belongs to the group of Single layer Silicates. Individual 
sheets can be described as being built by the condensation of Zweier Single chains of SiC>4 -
tetrahedra parallel to the a - axis or, altematively, by condensation of Vierer Single chains 
parallel to the b - axis. The layers contain six-membered rings in UUDUUD or DDUDDU 
conformation. The stacking of the layers parallel to the c - axis results in a three-dimensional 
structure in which the alkali cations reside between the layers for Charge compensation. The 
distribution of the alkali atoms among the two crystallographically different M(l) and M(2) 
positions shows a definite preference by the larger potassium for the M(l) site. The smaller 
M(2) site is K-free. 
Introduction 
Alkali disilicates have been investigated frequently because of their complex 
polymorphism as well as for their interesting material science applications. Sodium disilicate, 
for example, shows at least eight different modifications as a function of pressure, 
temperature and synthesis conditions (Willgallis & Range [1]; Williamson & Glasser [2]; 
Hoffmann & Scheel [3]). For K2SJ2O5 two different phases have been reported (Schweinsberg 
& Liebau [4]; de Jong et al. [5]). Further structurally characterized alkali Silicates with just 
one type of alkali atoms are LfeSfeOs (de Jong et al. [5]), RbaS^Os and Cs2SfeOs (deJong et al. 
[6]). 
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Among the group of mixed alkali disilicates of general composition M(l)M(2)SiOs 
the following Compounds exists : NaRbSfcOs, NaCsSfeOs (de Jong et al. [7]), Csi.33Li).67S^05 
(Veldman et al. [8]) and KLiSiOs (de Jong e al. [9]). Information on possible crystalline 
mixed phases in the System Na2-xKxSfcC>5 is limited, in contrast to the pure end-members 
which have been characterized in detail. Furthermore, several studies using Raman 
spectroscopy, EXAFS and solid State NMR have been performed on the glasses occurring in 
this System (Florian et al. [10]; Greaves [11]; Brawer & White [12]). The existence of a 
crystalline Compound with composition Nai.jKojS^Os has been reported by Sakaguchi et al. 
[13]. The powder pattern of this phase was indexed based on a monoclinic cell with a=4.84, 
b=8.69, c=11.97 Ä, ß = 90.37°. However, up to date no structural characterization has been 
performed. The ion exchange properties of the phases Na2-xKxSfcC>5 with x ~ 0.6-0.9 
determined by Sakaguchi et al. [13] are comparable with those observed in 5-Na2SfeC>5, which 
is used as a builder in washing powders in combination with or as an alternative to zeolitic 
materials (Rieck [14]). In the course of an ongoing study on the crystal chemistry of sodium 
and potassium disilicates we obtained single crystals of Nai.55 Ko^S^Os. Despite small 
differences in the chemical composition this phase seems to be identical with the Compound 
described by Sakaguchi et al. [13]. Furthermore, the comparison between the unit cell 
Parameters of Nai.55 Ko/isSfcOs and S-N^S^Os given in Table 1 points to a structural 
relationship between the two phases. 
Table 1. Lattice parameters and space groups for Na2Sfc05-phases stable at ambient 


















































The aim of the present paper is to determine the crystal structure of the new mixed Na-K-
disilicate and to describe the differences and similarities with other single layer Silicates. 
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Experimental Details 
Starting naterials for the Single-crystal growth were Na2C03 (Fluka, 99%), K2CO3 
(Riedel deHaen, 99%) and SiÜ2. The source of silica was fine grained quartz powder. The 
reagents were weighed in molar ratios to give a chemical composition NauKo^S^Os and 
carefully homogenized in an agate mortar. A sample of 1 g was placed in an open 50ml 
platinum crucible. The mixture was slowly heated from room temperature to 1000°C (2h) in a 
resistance heated furnace and quenched rapidly. To increase the homogeneity of the resulting 
glass the sample was re-ground, melted again at 800°C for 2h, and subsequently annealed at 
550° C for eight days. Inspection of the synthesis product using a polarizing microscope 
revealed the presence of crystalline material embedded in a glass matrix. Single crystals of up 
to 0.05 x 0.15 x 0.30 mm could be mechanically separated from the glass. The optical quality 
of exclusively all crystals was only poor. No sharp extinction positions could be observed 
when viewed between crossed polarizers. 
A platy crystal, about 0.07 x 0.10 x 0.18 mm in size was selected for the structural 
investigations. Single-crystal intensity measurements were performed using a STOE- imaging 
plate detector system IPDS. Experimental details pertaining to data collection and structure 
determination are summarized in Table 2. 
Table 2. Data collection and refinement parameters 
( A ) Crystal 
ö ( Ä ) 
b(k) 
c ( Ä ) 
ß(°) 
























Detector to sample distance 
Rotation width in $ (°) 
No. of exposures 
Irradation time / exposure (min.) 
0 - ränge ( ° ) 
Reflection ränge 
No. of measured reflections 
No. of unique reflections in 21m 
Rim in 21m after absorption correction 
No. of observed reflections ( I > 2 <j(I)) 
( C ) Refinement of the structure 
No. of parameters used in the refinement 
Rl (F 0 > 4 G(F0)) ; Rl (all data ) 
wR2 ( F0 > 4 o(F0)) 
Weighting parameter a 
Goodnessof Fit 
FinalApm i n(e/Ä 3) 
FinalAp m a x (e /Ä 3 ) 
R l = S | | F 0 | - | F c | | / S | F o | 
w=l/((T2(F0 2) + (aP)2) 
Plate 
Stoe - IPDS 
Graphite 
MoKa,X = 0.71073 Ä 





2.0° - 38.2° 












wR2 = (S(w(F02 -Fc2)2) / Z(w(F02)2))1/2 
P = (2FC2 + max(Fo2,0)) / 3 
The crystal showed monoclinic Laue symmetry 2/m. The evaluation of the systematic 
extinction rules resulted in the space group P\2\/c\. Data reduction including intensity 
Integration, background corrections, Lorentz and polarization correction was performed with 
the Stoe XRED program package. The reflections were numerically corrected for absorption 
using 9 external faces. 
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The structure was solved by direct methods with the program SIR92 (Altomare et al. 
[15]) using a multisolution process. The phase set with the maximum combined figure of 
merit resulted in an E-map, the most intense peaks of which could be interpreted as a partial 
structure containing the alkali, Silicon and some of the oxygen atoms. The structure was 
completed by difference Fourier calculations providing the starting parameters for the least 
Squares refinements performed with the program SHELXL-93 (Sheldrick [16]). Neutral-atom 
scattering factors and anomalous-dispersion corrections were taken from the International 
Tables for X-ray crystallography (Ibers & Hamilton [17]). Though the model seemed to be 
reasonable, iterative füll matrix least Squares calculations based on F2 using isotropic 
displacement factors converged to the rather high unweighted Rl index of 0.17. The 
introduction of anisotropic thermal parameters did not significantly improve the refinement. 
Based on these results, a possible twinning of the crystal was taken into consideration 
in order to explain the difficulties during the refinement. Actually, the reflections at higher 9 
angles showed a considerable anisotropic broadening which can be explained by twinning 
according to ^ioo] or m(ioo), respectively. This type of twinning by pseudo-merohedry is a 
feature often observed in Compounds where the monoclinic angle ß is very close to 90°. 
However, no Splitting of reflections was detected and therefore, the overlapping reflections 
were processed like Single reflections during the Integration of the data. Assuming the twofold 
axis 3;ioo] as the dement of twinning, the fraction of the twin components with the total 
fraction restrained to 1.0 was introduced into the refinement calculation. Similar rotation 
twins have been observed in the structure of 5-Na2SfeOs (Kahlenberg et al. [18]). The value 
for Rl dropped to 0.065; the volume fraction oc for twin component 1 refined to 0.38(2). In 
the next step, the site occupancies of the two alkali sites M(l) and M(2) were included into 
the refinement. No constraints on the bulk composition were applied. However, füll 
occupancy for both sites was assumed. Within the experimental error no K-Substitution on 
M(2) could be detected, leading to the chemical composition (Nao.55Ko.4s)NaSt05 in crystal 
chemical notation. The error in the Na/K distribution for the M(l) site is ± 0.02 as derived 
from the occupancy refinements. Therefore, the composition of the crystal used for the 
structure Solution is slightly depleted in K compared to the bulk composition of the glass. The 
final calculations using anisotropic displacement parameters converged at Rl = 0.055. The 
largest shift in the final cycle was < 0.001. The refined atomic coordinates, equivalent 
isotropic and anisotropic displacement parameters, as well as selected interatomic distances 
and angles are given in Tables 3 - 5 . Drawings of structural details were prepared using the 
programs ATOMS (Dowty [19]) and ORTEP-3 (Farrugia [20]). 
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Table 3. Atomic coordinates and equivalent isotropic displacement factors. Ueq is defined as 
one third of the trace of the orthogonalized Uj tensor. All atoms occupy general positions. 




















































Table 4. Anisotropic displacement parameters (Ä2). The anisotropic displacement factor 




























































































































































Description of the structure 
The structure of Nai.55 Ko^SfcOs consists of a sequence of tetrahedral layers 
perpendicular to [001]. Each layer is composed of six membered rings of SiC>4 - tetrahedra in 
UUDUUD - and DDUDDU - conformation. Figure l(a) shows a projection parallel to c of 
one of the two tetrahedral sheets in the unit cell. Alternatively, the single layers can be 
descnbed as being built by condensation of Vierer single chains parallel [010] or Zweier 
single chains parallel [100] via common corners. 
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Vierer single chain • 
(a) 
Twin individual I 
A single chain contains Si(l)C>4 - as well as Si(2)C>4 - tetrahedra. The Zweier single chains are 
similar to those observed in Na2SiÜ3 (McDonald & Cruickshank [21]). The eequatorial 
oxygen atoms of the sheets are not strictly coplanar and therefore, the layers are corrugated. 
The twinning by pseudo-merohedry observed on 
a macroscopic scale can be explained 
microscopically by the existence of pseudo-
symmetry elements within the layers (2i-axes 
running parallel a). The resulting two twin 
individuals and the hypothetical twin boundary 
within a single layer are shown in Figure l(b). 
The orientation and the sequence of directedness 
of the oval rings located directly at the twin 
boundary is unchanged. 
The bonds between the two symmetrically 
independent Silicon cations and the non-bridging 
oxygen atoms O(l) and 0(2), respectively, are 
very short ( <St-Onbr>: 1.586 Ä ) but are in good 
agreement with the values for the equivalent non-
bridging oxygen atoms in the oc -, ß - and 8-
modifications of NaaSfeOs. The bond distances 
between Si(l) and Si(2), respectively, and the 
Figure l.(a) Single layer of the Si04-tetrahedra three bridging oxygen atoms of each tetrahedron 
in Na^sKo^sSizOs containing pseudo 2,-axes
 a r e c o n s i d e r a b l y l o n g e r (average 1.640 Ä and 
running parallel a. (b) Hypothetical twin „ 
1.646 A). While the average values of the O - Si -
boundary within a single layer between two 
, . , , O angles for the two tetrahedra about Si(l) and 
individuals. ° v ' 
Si(2) are very close to the ideal value of 109.47°, 
the individual O - Si - O angles ränge from 104° to 117° for the SiÜ4 groups. This suggests 
that the polyhedra are slightly distorted. According to Robinson et al. [22] the distortion can 
be expressed numerically by means of the angle variance o . This parameter has values of 
25.20 and 18.79, respectively, for the two Si(l)C>4 - and Si(2)C«4 - polyhedra. The angle 
variances can be compared with the corresponding values observed for the two 
crystallographically independent tetrahedra in 6 - NaaSiiOs (G2 = 23.8 and 22.6, respectively). 
Twin individual II 
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The T-O-T angles are about 135° for the two oxygen atoms 0(4) and 0(5) within a Zweier 
Single chain and 142° about 0(3), the anion connecting neighboring chains. The differences 
between the inter- and intra chain Si-O-Si angles are less pronounced compared with the 
corresponding angles in 8-Na2Sb05 (134° and 155°) or a-Na2Si>05 (138° and 180°). The Si-
O-Si angles agree well with the commonly observed Si-O-Si angle frequency distribution 
reported by Baur [23] resulting from a Statistical analysis of a huge number of different 
Silicate structures. Mean T-O distances of Si(l>0 = 1.625 Ä and Si(2)-0 = 1.632 Äare 
slightly larger than the value of 1.617(6) given by Baur [24] as a mean distance in 
phyllosilicates. 
Charge balance in the structure is 
achieved by the incorporation of alkali ions in the 
Channels between tetrahedral layers. The Channels 
along [100] result from the folding of the layers. 
Figure 2 shows a side view of the whole structure 
almost parallel to this direction. 
The potassium-free M(2) site has five 
oxygen ligands between 2.31 Ä and 2.54 Ä. The 
average value of 2.413 Ä agrees well with typical 
Na-O bond lengths which average about 2.44 Ä 
(Wilson [25]). The M(l) site shows a (5+1) 
coordination. The five inner oxygen neighbours 
have bond distances between 2.52 Ä and 2.79 Ä. 
Extending the limit for coordinating anions up to 
3.2 Ä, an additional sixth ligand at about 3.10 Ä 
can be found. 
The increased values of the individual M-O bond 
distances for M(l) correspond with the partial 
Substitution of potassium with a cation radius of 
1.38 Ä (Shannon [26]) for sodium (1.00 Ä ) on 
this position. The coordination polyhedra about 
M(l) and M(2) are given in Figure 3. Bond 
valence calculations were performed using the 
Figure 2. Side view of the whole structure of 
Nai 55Ko.45Si2C>5. The large and small spheres in 
the voids between the tetrahedral layers 
represent the M(l) and M(2) sites, respectively. 
O0<2) Ood) 







Figure 3. Coordination polyhedra surrounding the 
alkali cations. (a) distorted octahedron about M(l); 
(b) distorted trigonal bipyramid about M(2) 
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Parameters given by Brese & O'Keefe [27] for Na-O and K-O pairs, and the bond distances of 
the first coordination sphere given in Table 5. For the contributions of the mixed M(l) site the 
results obtained for Na-O and K-O bonds were weighted by the site occupancies determined 
from the refinement. The bond valence sums (BVS) for the cations were close to the atomic 
valences: Si(l): 4.00 v.u., Si(2): 3.93 v.u., M(l): 0.91 v.u. and M(2): 0.99 v.u. The BVS 
values for the oxygen anions varied between 1.88 v.u. for 0(2) and 2.07 v.u. for 0(4). 
Discussion 
A comparison of the basic crystallographic data of the sodium disilicates stable at 
ambient pressure and the structurally characterized mixed alkali disilicates containing Na 
reveals that one very short lattice constant of about 4.9 Ä is a common feature (cf. Table 1). 
This value corresponds to the translation period along the chain direction in [SjOö] Zweier 
single chains, being a common structural building element in all these Compounds. However, 
all phases listed in Table 1 represent different structure types and the differences may be 
attributed to the various ways how the Zweier single chains can be linked to form bigger 
building units. The mixed disilicates NaRbS^Os and NaCsSfeOs, for example, consist of 
double chains forming 4-membered tetrahedral rings (deJong et al. [7]). The different 
NaaSfeOs polymorphs as well as the Na-K-disilicate discussed in this paper exhibit an 
increased Connectivity of the chains resulting in the formation of folded tetrahedral layer 
structures. 
In all four Compounds neighbouring layers 
are twisted by 180° about the 2i-axes parallel to the 
layers. Furthermore, each layer can be 
characterized by six-membered rings (S6R) 
forming honeycomb-like nets. As can be seen from 
Fig. 4 the S6R in a- and ö-NazSfeOs have a 
ditrigonal configuration, whereas the rings in ß-
NaiSfeOs and Nai.ssKo^SfeOs exhibit an oval 
Figure 4. Comparison between the configuration. Within a single oval S6R, the 
different S6R's in (a) a-Na2Sh05 [28], 
(b) 5- Na2Si205 [18], (c) ß- Na2Si205 [29] min./max. distances between opposite O-atoms are 
and(d)Na155Ko.45Si205. 3 9 7 a n d 6 1 7 Ä (forNai.ssKo^SfeOs), and 3.65 
and 6.03 Ä (for ß- Na2SfeOs), respectively, indicating that the rings in Na-K-disilicate have a 
larger aperture. However, concerning the sequence of directness of up and down pointing 
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vertices, Nai.ssKo^S^Os is more simüar to 8-Na2Sfe05. The sequence is UUDUUD and 
DDUDDU, respectively, in both phases. 
The strikingly close relationship between the unit cell parameters of Nai.55Ko.45SfeOs and 8-
Na2Sfe05 is reflected by structural similarities. However, there remain pronounced differences 
between both materials, so that Nai.55 K0.45S12O5 represents a new type of a tetrahedral single-
layer structure. 
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8. Single crystal structure investigation of twinned NaKSfcOs - a novel Single layer 
Silicate 
S. Rakic and V. Kahlenberg 
Fachbereich Geowissenschaften ( Kristallographie ), Universität Bremen, 
Klagenfurter Str., D - 28359 Bremen, Germany 
Äbstract 
A new synthetic crystalline mixed alkali disilicate of composition NaKSfcOs has been 
prepared by re-crystallization of a glass of corresponding composition. The Compound is 
monoclinic, space group P2\ln (a = 7.3005(8)Ä, b = 17.389(2)Ä, c = 12.353(2)Ä, ß = 
91.14(1)°, V = 1567.9Ä3, Z - 12, Dbaic= 2.52 g/cm3). The crystal used for the data collection 
showed twinning by pseudo-merohedry according to 2[ooi], a feature we took account of in the 
refinements. The structure was solved by direct methods and refined to a residual of 
Rl =0.070 (170 parameters). The Compound belongs to the group of tetrahedral Single layer 
Silicates. Individual sheets are parallel to (001). The stepped layers can be described as being 
built by the condensation of unbranched dreier double chains. The double chains in turn 
consist of two unbranched dreier single chains connected via common corners and exclusively 
containing tertiary (Q3) tetrahedra. The stacking of the layers consisting of four-, six- and 
eight-membered rings results in a three-dimensional structure in which the alkali cations 
reside in the voids between neighboring sheets. The sodium and potassium atoms show an 
ordered distribution among the six symmetrically independent alkali sites. The coordination 
numbers for Na and K vary between 4 to 5 and 6 to 7, respectively. 
Introduction 
The ternary system Na2Ü - K2O -SiC>2 is of interest in both materials science and earth 
science. Especially the glasses formed in the compositional ränge between NaaSfeOs and 
K^S^Os have been studied frequently using spectroscopic techniques like solid-state NMR [1] 
and EXAFS [2] to rationalize the so called "mixed alkali effect". This term is used for the 
Observation that several physical properties such as electrical conductivity and the viscosity 
show a non- linear dependence from the chemical composition when adding alkali ions of a 
second type into a single alkali disilicate glass. Furthermore, melts with composition (Nai_ 
xKx)2Si205 have been used by geoscientists as modeis for Silicate melt phases which are the 
essential component of nearly all igneous processes[3,4]. 
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Crystalline phases in the System NaiSfcOs - KaSfeOs could provide model structures 
and analogue materials for interpreting the absorption spectra of the glasses and melts 
mentioned above [5]. While the crystal structures and different Polymorphie forms of the two 
end-members have been studied in great detail (see [6] and references cited therein), there is a 
considerable lack of Information concerning the existence of possible mixed sodium -
potassium - disilicates. The crystal structure of Nai.ssKo^SfeOs has been solved only recently 
[7]. In the course of our ongoing investigations on the crystal chemistry of phyllosilicates, we 
obtained Single crystals of a previously unknown disilicate with composition NaKSfcOs. The 
objeet of the present work was to (1) characterize in detail the structure of NaKSfcOs; and (2) 
clarify relationships with other known Silicates. 
Experimental details 
Starting materials for the single crystal growth were NaOH (Riedel-de Haen), KOH 
(Riedel-de Haen) and S1O2. The source of silica was fine grained quartz powder. The reagents 
were weighed in molar ratios to give a chemical composition NaKSfeOs and carefully 
homogenized in an agate mortar. The reagents for a sample of 1 g were placed in an open 
50ml platinum crucible. The mixture was slowly heated from room temperature to 1100°C for 
2h in a resistance heated furnace, quenched rapidly, and subsequently annealed at 550° C for 
eight days. Inspection of the product using a polarising microscope revealed the presence of 
crystalline material embedded in a glass matrix. Single crystals of up to 0.05 x 0.15 x 0.30 
mm3 could be mechanically separated from the glass. Exclusively all crystals showed a 
polysynthetic twinning with a lamellar domain structure when viewed between crossed 
polarizers. Therefore, the structure determination was performed using a speeimen twinned by 
twofold rotation about [001]. 
Single crystal diffraction data were measured on a Stoe IPDS diffractometer using a 
platy crystal with prineipal dimensions of 0.05 x 0.1 x 0.1 mm3. A relatively large sample -
detector distance of 80mm was chosen to increase the resolution between the reflections 
belonging to the different twin individuals, i.e., to increase the number of non-overlapping 
reflections. Parameters of the data collection and of the subsequent structure refinement are 
summarized in Table 1. The program RECIPE of the Stoe Software package was employed to 
isolate the diffraction spots Coming from the two different orientations of the domains. The 
diffraction peaks were indexed independently and the two superimposed diffraction patterns 
were integrated simultaneously. 
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Table 1. Data coUection and refinement parameters 
(A) 
(B) 
( C ) 
Crystal data 
a ( Ä ) 
b ( Ä ) 
c ( Ä ) 
ß(°) 












Detector to sample distance 
Rotation width in (|) (°) 
No. of exposures 
Irridation time / exposure (min. ) 
G- ränge ( ° ) 
No. of measured reflections 
No. of completely overlapped reflections 
No. of separated reflections 
Rnt in 21m 
No. of unique observed reflections ( I > 2 
Refinement of the structure 
No. of parameters used in the refinement 
R l ( F 0 > 4 o ( F 0 ) ) 












Stoe - IPDS 
Graphite 
MoKcc,X = 0.71073 Ä 















Weighting parameter a 
Goodness of Fit 
FinalApm i n (e /Ä 3 ) 
F inalAp m a x (e /Ä 3 ) 
R1=E| |F0 | - |FC | | / S|F0 | 





wR2 = (S(w(F02 -Fc2)2) / E(w(F02)2))'/2 
P = (2FC2 + max(Fo2,0)) / 3 
The Integration was repeated twice (with and without an overlapp check). From the 
combination of the resulting two data sets the non-overlapping as well as the completely 
overlapping reflections were extracted for the structure Solution. Partially overlapped 
reflections occured almost exclusively for |h| = 2 or 3 and were rejected. Due to the low 
absorption coefficient of NaKSfeOs no absorption correction was performed. Data reduction 
included Lorentz and polarization corrections. The symmetry of the intensity data set was 
consistent with Laue group 21m. The analysis of the systematic absences indicated the 
centrosymmetric space group P\2\ln\. 
The structure was solved by direct methods using the program SHELXS-86 [8] using 
the non-overlapping reflections only. The phase set with the maximum combined figure of 
merit provided an E-map, the most intense peaks of which could be interpreted to give a 
reasonable crystal chemical model. This model was the starting point for the subsequent 
refinement calculations performed with the program SHELXL-93 [9] using the non-
overlapping as well as the completely overlapping reflections (HKLF 5 data format of 
SHELXL-93). X-ray scattering factors for neutral atoms, together with real and imaginary 
anomalous-dispersion coefficients, were taken from the International Tables for X-ray 
Crystallography [10]. In the next step site occupancy refinements were performed, allowing 
Substitution of sodium and potassium on the six crystallographically independent alkali 
positions. The refinement indicated a completely ordered distribution of Na and K. Within an 
error margin of five estimated Standard deviations three of the six positions are exclusively 
occupied by Na, whereas the K atoms are located on the remaining three sites. The 
calculations using isotropic temperature factors converged to Rl=0.103 for 110 parameters 
and 2128 independent reflections with I > 2o(I). The introduction of anisotropic displacement 
parameters for all atoms improved the residual index (Rl=0.059). However, the temperature 
factors of two oxygen atoms became non-positive definite. We attribute the problems with the 
thermal motion of the two oxygens to an unfavorable ratio of parameters to observed 
reflections. To model the anisotropic thermal motion of each atom the total number of 
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parameters is increased to 245 and the over-determination is reduced to 2128 / 245 ~ 9. 
Therefore, in the fnal least Squares calculations anisotropic displacement parameters were 
used for the cations only (170 parameters, Rl = 0.070). The refined atomic coordinates, 
anisotropic displacement factors as well as selected interatomic distances and angles are 
summarized in Table 2-4. 
Table 2. Atomic coordinates and equivalent isotropic displacement factors. Ueq is defined as 














































































































































Table 3. Anisotropic displacement parameters (Ä2) for the cation sites. The anisotropic 









































































































































































































































































































































































The figures showing structural details were prepared using the program ATOMS [11]. The 
authors are aware of the fact that the precision of the bond distances and angles as well as for 
the thermal displacement parameters obtained from a twinned crystal is lower compared to the 
results which could be obtained when a high quality single crystal can be used. However, in 
the present case no such sample was available. 
Description and discussion of the structure 
The crystal structure of NaKSjOs can be classified as a single layer Silicate. Basic 
building dement of the tetrahedral layers are unbranched dreier single chains running parallel 
[100] similar to those observed in para-wollastonite [12]. Therefore, the a lattice constant of 
about 7.300 Ä corresponds to the periodicity of the single chain. The stretching factor £ of the 
chain as defined in [13] is 0.901. 
Two adjacent dreier single chains are 
linked by sharing two out of three tetrahedra in 
each chain forming a four tetrahedra wide slab 
(see Fig. l(a)). Using the nomenclature 
introduced by Liebau [13] the slab can be denoted 
as an unbranched dreier double chain. It is formed 
by alternating four (S4R)- and elliptical six-
membered (S6R) rings. The sequence of 
, , . „ . . , directedness in the rings is UDUD and DUUDUU 
Figure 1. (a) Protection of a Single four tetrahedra 
wide band including two unbranched Dreier single or U D D U D D , respectively. The double chains are 
chains and (b) and the corresponding band in related to those in the mineral okenite [14] (cf. 
okenite.
 F i g 1 ( b ) ) 
However, the conformation of the rings in okenite is different (UUDD and UUUDDD, 
respectively). In the next step the double chains are linked to build a two-dimensional layer: 
the wollastonite-type chains of neighboring bands are joined by sharing one oxygen per every 
third tetrahedron. As a result of this linking scheme, eight-membered rings (S8R) occur at the 
connecting points between the double chains. Aprojection of a single layer parallel [001] is 
given in Figure 2(a). In the case of the S4R and S6R's the directions perpendicular to the 
planes defined by the equatorial oxygen atoms of the rings are almost parallel to [001]. For 
the eight-membered rings the tilt angles between the corresponding ring directions and [001] 
are about ± 45°. 
Unbranched Dreier Single chain 
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Therefore, the Single layers are stepped and not planar, as can be seen in a projection parallel 
[100] (cf. Fig. 2(b)). The unit cell contains two of the Single layers (cf. Fig. 3). The alkali 
cations are incorporated for charge compensation and reside in voids between the layers. 
Individual Si-O bond distances cover a 
wide ränge between 1.52 - 1.66Ä. The bonds 
between the Si and the non-bridging (nbr.) 
oxgens O(l), 0(5), O(10), 0(12), 0(14) and 
0(15) are significantly shorter (<Si-0(nbr.)> = 
1.547 Ä) compared to the bridging (br.) Si-O 
bonds (<Si-0(br.)> = 1.638 Ä).The bonds 
between Si and some of the non-bridging oxygen 
atoms are close to the lower limit observed in 
oxosilicates [13] . On the other hand, small Si-O 
distances of about 1.52 Ä are not as rare as one 
may assume. For example, similar values have 
been encountered in minerals like deerite [15] or 
plagioclase [16] as well as synthetic Compounds 
like Ba2Si40io [17] orCa2Si04 [18]. 
Furthermore, the grand mean value of 1.615 for all Si-O bonds in the structure compares well 
with the value of 1.617(6) given in [19] as a mean distance in phyllosilicates. 
(b) 
Figure 2. Projection of a Single sheet 
containing SiCVtetrahedra perpendicular 
(a) and parallel (b) to the layer. 
Figure 3. Side view of the whole structure of NaKSi20s. Smaller medium grey spheres represent sodium atoms; 
bigger, dark grey spheres correspond to potassium ions; the numbers refer to the listing of the atomic positions in 
Table 2. 
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While the average values of the O - Si - O angles for the tetrahedra are very close to the ideal 
value of 109.47°, the individual O - Si - O angles ränge from 101° to 116° for the Si04-
groups. This suggests that the polyhedra are slightly distorted. According to Robinson et al. 
[20] the distortion from ideal tetrahedral geometry can be expressed numerically by means of 
the quadratic elongation (Q.E.) and the angle variance (A.V.). These parameters have been 
calculated for each of the six symmetrically independent tetrahedra and are listed in Table 4. 
The results compare well with the corresponding values observed for the tetrahedra in 
Nai.55Ko.45Sb05 (A.V. = 25.2 and 18.5, respectively). 
The Si-O-Si angles are between 131.5° and 162.7°; the <Si-0-Si> angle is about 
140.6°, almost identical with the value for a bond angle of a strahl-free Si-O-Si bond given in 
[13]. Furthermore, the Si-O-Si angles agree well with the commonly observed Si-O-Si angle 
frequency distribution reported by Baur [21] resulting from a Statistical analysis of a huge 
number of different Silicate structures. The difference between the Si-O-Si angles occurring 
within the dreier single chains (<Si-0-Si>intra = 137.2°) and the oxygen atoms connecting 
neighboring chains (<Si-0-Si>inter = 147.0°) is not very pronounced and only slightly larger 
compared to the values observed in Nai.ssKo^sSfcOs: 135° and 142°, respectively. Bond 
valence sums (BVS) calculated using the parameters for the Si-O bond given by in [22] vary 
between 4.22 v.u. (for Si(4)) and 4.38 v.u. (for Si(2)), close to the expected value of 4 v.u. 
The alkali cations are located between the tetrahedral layers. The cation distribution of 
the alkali atoms among the six possible M sites as derived from the site occupancy 
refinements is also reflected in the M-0 bond lengths. The bond distances to the surrounding 
oxygen ligands for the three Na-positons are considerably shorter (<Na-0> = 2.415 Ä) than 
the corresponding values for the K-sites (<K-0> = 2.880 Ä). Na(2) and Na(3) are coordinated 
by five oxygen neighbors in form of distorted tetragonal pyramids. An interesting structural 
detail is the coordination sphere about Na(l): up to 3.2 Ä only four oxygen ligands can be 
found. The coordination polyhedron can be described as a strongly distorted tetrahedron. The 
only other layered sodium disilicate with a similar coordination environment for Na is £-
Na2S^05, a high pressure phase [23]. Inspite of the low coordination number, Pauling's 
second rule is fulfüled for Na(l): the BVS is about 1.01 v.u. The corresponding values for 
Na(2) and Na(3) are 0.95 v.u. and 0.83 v.u., respectively. The three different potassium ions 
are five-, six- and seven-fold coordinated. The bond valence sums are in the ränge between 
0.80 v.u. (for K(l)) ans 1.31 v.u. (for K(3)). 
Na(l) and K(2) are arranged in rows parallel [100], located above and below the bands 
containing the four- and six-membered rings. In a view perpendicular to the ring planes their 
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positions project almost on top of each other, close to the centres of the S4R and S6R. Within 
a single row, Na(l) and K(2) strictly alternate. However, in neighboring bands the Na7K 
sequence is reversed. The remaining alkali atoms Na(2), Na(3), K(l) and K(3) reside above 
and below the ring apertures of the S8R's. In contrast to Na(l) and K(2) their positions are 
significantly displaced relative to the centres of the rings. Once again the alkali atoms can be 
found in rows running parallel to the crystallographic a-axis.However, in this case the rows 
contain alternating pairs of K(l)/K(3) and Na(2)/Na(3), respectively. 
Comparison with related structures 
NaKS^Os represents a new structure type. Anhydrous Silicate sheets with a 4-6-8-
membered ring Systems have not been observed before among the group of alkali single layer 
Silicates. The tetrahedral sheets in the different modifications of Na2SfeOs as well as in 
NausKo.ssSfeOs are exclusively composed of S6R's [6,7]. According to [24] layers with 
mixed ring types have been encountered in Rb2SfeOs, CS2S12O5 (4-8) and Csi.33Lio.67S^Os (4-
8-12). The only other known anhydrous layer Silicate with sheets comprised of four-, six- and 
eight-membered rings is I^Ba7[Sii604o] [25]. However, both Compounds differ considerably 
in the relative proportions of the different ring types. The ratio of S4R:S6R:S8R is 1:6:1 in 
K2Ba7[Sii6C>4o] and 1:1:1 in NaKSfeOs, respectively. The shapes of the six-membered rings 
and the corresponding sequences of directedness of the S6R in NaKSfcOs andNai.5sKo.45Sfc05 
are identical. Furthermore, the min./max. distances between opposite Oatoms in the 6-fold 
rings are almost the same (NaKSj>05: 4.03 Ä / 6.37 Ä; Na1.55K0.45Si.O5: 3.97 Ä / 6.17 Ä). 
Comparing the known mixed alkali disilicates with general composition NaMSfcOs it is 
interesting to note that a layer Silicate structure is realized only for the potassium member. 
The structures with M = Rb or Cs consist of isolated double chains of [Si04] tetrahedra 
forming four-membered rings [26]. Among the sodium-potassium disilicates (NaxKi.x)2Si205 
the change in the compositional parameter x from 0.225 to 0.5 involves a dramatic change in 
the topology of the Silicate layer. Further studies in the pseudo binary System Na2SfcOs -
K2S12O5 are currently in progress and may reveal new types of layer structures. 
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Abstract 
Single crystals of C-Na2Sib05 have been synthesized from the hydrothermal 
recrystallization of a glass. The title Compound is monoclinic, space group P2\lc with Z = 8 
and unit cell parameters a = 4.8521(4)Ä, b = 23.9793(16)Ä, c = 8.1410(6)Ä, ß = 90.15(1)°, V 
= 947.2(2)Ä3. The structure has been determined by direct methods and belongs to the group 
of phyllosilicates. It is based on layers of tetrahedra with elliptically six-membered rings in 
chair conformation. The sequence of directedness within a Single ring is UDUDUD. The 
sheets are parallel to (010) with linking sodium cations in five- and six-fold coordination. 
Concerning the shape and the conformation of the rings GNa2StOs is closely related to ß-
IS^S^Os. However, both structures differ in the stacking sequences of the layers. A possible 
explanation for the frequently observed polysynthetic twinning of phase C is presented. In the 
29Si MASNMR spectrum of C-NaaS^Os four well-resolved lines of equal intensity are 
observed at -86.0, -86.3, -87.4, and -88.2 ppm. The narrow ränge of isotropic chemical shifts 
reflects the great similarity of the environments of the different Si sites. This lack of 
pronounced differences in geometry renders a reliable assignment of the resonance lines to the 
individual sites on the basis of known empiric correlations between and geometrical features 
impossible. 
Introduction 
Sodium disilicates are of interest in mineralogy and solid State chemistry as well. 
Melts with composition NajSfeOs, for example, have been used by geoscientists as modeis for 
Silicate melt phases which are the essential components of nearly all igneous processes 
(Maekawa et al.[l]; Kanzaki et al. [2]). 
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Crystalline sodium disilicates and especially 8-Na2SfeC>5 have been studied because of their 
interesting high ion exchange capacity and selectivity (Wolf and Schwieger [3]). A review of 
the industrial applications can be found in the paper of Rieck [4]. Furthermore, a complex 
polymorphism with at least eight different stable and metastable phases has been reported for 
Na2SfeC>5 as a function of temperature, pressure and synthesis conditions (Willgallis and 
Range [5]; Williamson and Glasser [6]; Hoffmann and Scheel [7]). However, the crystal 
structures of several of these modifications remain to be solved. 
The phase equilibrium diagram for the System Na2SfeOs in the ränge between room pressure 
and 400 bars has been investigated by Williamson and Glasser [6]. Three thermodynamically 
stable phases have been observed : a-Na2SbOs, ß-Na2S^05 and another high pressure 
polymorph designated 'phase C . The triple point between the three phases is located at about 
715°C and 90 bars. A preliminary investigation of phase C indicated monoclinic symmetry 
and a pseudo-orthorhombic metric (a = 8.12Ä, b = 23.7 Ä, c = 4.85 Ä, ß = 90°). However, no 
detailed strucrural characterization was performed. The results of Williamson and Glasser [6] 
concerning the existence of a sodium disilicate modification with a stability ränge starting at 
slightly elevated pressures were confirmed by Jacobsen [8]. The phase relations in the 
Na2SfeC>5 System especially at higher pressures have been studied by Kanzaki et al. [2]. 
According to their results the stability field of phase C extends to at least 25 kbar (at 900°C). 
At pressures of about 50-60 kbar a new phase (£- Na2SfeOs) appears. 
In the course of an ongoing project on the crystal chemistry and the phase transitions in 
sodium and potassium disilicates we obtained single-crystals of phase C. The aim of the 
present work is to provide a description of the crystal structure of this Compound and to show 
the relationships with known Silicate structures. Preliminary results obtained by 29Si 
MASNMR spectroscopy are also included. 
Experimental Details 
The single crystals in this study were synthesized from a glass of Na2S^Os 
composition. The glass was prepared by fusing a stoichiometric mixture of Na2CÜ3 (Fluka, 
99%) and SiÜ2 (fine grained quartz powder) in a covered platinum crucible at 1000°C for lh 
and quenching in air. The product was crushed and then ground in acetone. The melting 
process was repeated for two times in order to increase the homogeniety of the glass. 
Approximately 0.19g of the glass and 2ml of HO were loaded and sealed in a gold capsule 
(about 3 mm in diameter and 30 mm in height). The hydrothermal experiment was performed 
in an externally heated Morey-type autoclave. 
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The sample was taken at room temperature to a pressure of 1 kbar, and subsequently taken to 
a temperature of 750°C. The ran duration at the final temperature was 24h. After quenching, 
the recovered sample consisting of transparent, colorless, platy crystals up to 0.3 mm in 
diameter was examined using a petrographic microscope. Almost all crystals showed a 
polysynthetic twinning. 
For the structural investigations one of the rare untwinned crystals (0.24 x 0.12 x 0.006 mm in 
size) was selected. A total of 6124 reflections up to 24.2° 0 were collected at 20°C on a Stoe 
imaging plate detector system IPDS (graphite-monochromatized MoATa radiation). Table 1 
contains a summary of the conditions for the data collection and of the subsequent stracture 
refinement parameters. All the data were rumerically corrected for absorption by use of 9 
indexed external faces. Data reduction including intensity Integration, background 
corrections, Lorentz and Polarisation correction was performed with the Stoe XRED program 
package. 
Table 1. Data collection and refinement parameters 
( A ) Crystal data 
a(Ä) 
*(A) 
c ( Ä ) 
ßo 




Dcaic (g cm3) 
fi(mm'') 


















Stoe - IPDS 
Graphite 
Mo-Ka,X = 0.71073 Ä 
50 kV, 40 mA 
80 mm 
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Rotation width in <j) (°) 
No. of exposures 
Irridation time / exposure (min.) 
9 - ränge ( ° ) 
Reflection ränge 
No. of measured reflections 
No. of unique reflections in 2/m 
Rnt in 2/m after absorption correction 
No. of observed reflections ( I > 2 a(I) ) 
( C ) Refinement of the structure 
No. of parameters used in the refinement 
Rl (F 0 > 4 o(F0)) ; Rl (all data ) 
wR2(F 0 >4a(F 0 ) ) 
Weighting parameter a 
Goodness of Fit 
FinalApm i n(e/Ä 3) 
F inalAp m a x (e /Ä 3 ) 
R1=Z| |F0 | - |FC | | / S|F0 | 

















wR2 = (E(w(F02 -Fc2)2) / S(w(F02)2))'/2 
P = (2FC2 + max(Fo2,0)) / 3 
The diffraction symmetry of the crystal was consistent with Laue group 2/m. The systematic 
reflection conditions höh 1= In ; 0&0: k = 2n unambiguously indicated the space group was 
P2\lc (No. 14). The structure was solved by direct methods with the program SIR92 
(Altomare et al. [9]) using a multisolution process. The phase set with the maximum 
combined figure of merit resulted in an E-map, the most intense peaks of which could be 
interpreted as a layer structure. Least Squares refinements were performed with the program 
SHELXL-93 (Sheldrick [10]). Neutral-atom scattering factors and anomalous-dispersion 
corrections were taken from the International Tables for X-ray crystallography (Ibers and 
Hamilton [11]). The final calculations using anisotropic diplacement parameters converged at 
Rl = 0.026 for 1113 independent reflections with I > 2o(I). The largest shift in the final cycle 
was < 0.001. The resulting fractional atomic coordinates, equivalent isotropic and anisotropic 
displacement parameters, as well as selected interatomic distances and angles are given in 
Tables 2 - 4. 
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Drawings of structural details were prepared using the program ATOMS (Dowty [12]). 
The 29Si MASNMR spectra of the powdered crystals were recorded on a BRUKER 
Avance 500WB spectrometer operating at 99.36MHz. A 4 mm MAS probe allowing stable 
spinning speeds of up to 15 kHz for several days was used. Since we obtained practically no 
signal after several hundred scans under the conditions used by Heidemann et al. [13] in a 
recent NMR study of sodium disilicates (p/4 pulses of 2 us and a repetition time of 10 s), we 
performed a series of measurements with p/4 pulses and repetition times of between 60 s and 
1800 s (at least 48 scans). From the dependence of the normalised intensity on the repetition 
time we estimated the longitudinal relaxation time Ti to be of the order of 3000 s for all the 
Silicon sites. Hence, the Optimum flip-angle to maximise the signal intensity for a repetition 
time of 900 s is about p/4. These parameters were applied for the measurements at different 
MAS frequencies. The chemical shifts were referenced to neat TMS in a separate rotor. 
Table 2. Atomic coordinates and equivalent isotropic 
one third of the trace of the orthogonalized U5j tensor. 
displacement factors. l^q is defined as 

































































































Table 3. Anisotropie displacement parameters (Ä2). The anisotropic displacement factor exponent 









































































































































































































































































































Description of the structure 
The structure of C-Na2SfeOs consists of a sequence of layers of tetrahedra 
perpendicular to b. A Single layer can be described as being built by condensation of 
unbranched zweier single chains running parallel a or vierer single chains parallel c via 
common corners. Furthermore, each single tetrahedral sheet consists of elliptically distorted 
rings composed of six [SiC>4]-tetrahedra in chair conformation. The sequence of directedness 
for the up (U) and down (D) pointing tetrahedra within a single six-membered ring (S6R) is 
UDUDUD. The unit cell contains four layers of tetrahedra; a projection parallel b of a single 
sheet in the unit cell of C-Na2SfeOs is given in Figure l(a). 
Figure 1.Single layer of tetrahedra in (a) C-Na2Si20s and (b) ß- Na2Si20s. The numbers within 
the tetrahedra of phase C correspond to the labeis of the central Si atoms in Table 2. 
The spread in the individual Si-0 bond lengths follows the trend usually observed in Silicate 
structures: the bond distances between Si and the terminal oxygens (0(2), 0(6), 0(9), O(10)) 
are considerably shorter than the bonds to bridging oxygen atoms. 
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The values for <Si-0>term.= 1.576 Ä and <Si-0>brid.= 1-640 Ä are in good agreement with 
those observed in the a -, ß - and 5- modifications of NaaSfeOs. Mean Si-O distances of the 
four tetrahedra given in Table 4 compare well with the value of 1.617(6) given by Baur [14] 
as a mean Si-O distance in phyllosilicates. While the average values of the O-Si-O angles for 
the four symmetrically independent tetrahedra are very close to the ideal value of 109.47°, the 
individual O-Si-O angles ränge from 104.8 to 115.0° for the Si04 groups. This suggests that 
the distortion of polyhedra is not very pronounced. According to Robinson et al. [15] the 
distortion can be expressed numerically by means of the quadratic elongation (Q.E.) and the 
angle variance (A.V.). The values of these parameters for the different tetrahedra are listed in 
Table 4. The Si-O-Si angles at the bridging oxygen atoms vary between 134.4 and 137.3°. 
Similar values have been observed for ß-Na2S^05: 135.1 - 136.5° (Pant [16]), whereas the 
corresponding values for the second known high-pressure modification £- NaaS^Os are 
considerably smaller: 127.0° - 129.3° (Fleet and Henderson [17]). 
Linkage between the layers is provided by sodium cations. They reside between the sheets in 
about 1.6 Ä wide slabs containing either Na(l) and Na(4) or Na(2) and Na(3), respectively. 
Within a Single slab the Na cations are located in rows running parallel a. 
(a) ^„.^ Na(l) and Na(3) are surrounded by five oxygen 
atoms at distances varying between 2.30 and 2.58 
Ä. Na(2) is coordinated to six oxygen anions. The 
Na(4) site shows a (5+1) coordination. The five 
inner oxygen neighbors have bond distances 
between 2.30 Ä and 2.58 Ä. Extending the limit 
for coordinating anions up to 3.0 Ä, an additional 
o(io> sixth ligand at about 2.98 Ä can be found. Since 
typical Na-0 bond lengths average about 2.44 Ä 
(Wilson [18]) the sixth Na(4)-0 distance 
represents a weak bond. Coordination polyhedra 
Figure 2. The two principaiiy different coordination around the sodium cations can be described as 
polyhedra for Na observed in C-Na2Si205: , . , . . , , , distorted tngonal brpyramids and distorted 
(a) distorted trigonal bipyramids (shown for Na(3) 
as an example) and (b) distorted octahedra (for Na(2)). OCtahedra, respectively. (cf. Figure 2). 
O(10), 00(9) 
Bond valence sums (BVS) for the cations were calculated using the parameterization for the 
Si-O and the Na-0 bond given by Brown and Altermatt [19]. 
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The results ränge from 4.16 v.u. - 4.22 v.u. for Si and 0.87 v.u. - 1.04 v.u. for Na, close to the 
expected values of 4 v.u. for Si and 1 v.u. for Na, respectively. The BVS values for the 
oxygen anions vary between 1.91 v.u. for 0(2) and 2.17 v.u. for 0(7). 
Results and Discussion 
Comparison with ß-Na^Si^Os i 
A common feature of almost all structurally characterized sodium disilicates are tetrahedral 
layers of six-membered rings formed by the condensation of zweier Single chains. The 
translation periods along the chains is reflected in a short lattice constant of about 4.8 - 4.9 Ä 
(see Kahlenberg [20] and references cited in there). Comparing the shape of the S6R's, C-
Na2Si205 is closely related to ß-NaaS^Os (cf Figure l(a) and l(b)). In both structures the 
rings exhibit an elliptically distortion, whereas the rings in a - and 8-Na2Si20s have a 
ditrigonal form. The close relationship in the ring geometry is also responsible for the sirmlar 
Si-O-Si angles mentioned above. However, the relationships between C- and ß-Na2Si205 are 
not limited to the geometry and the conformation of the single layers. As can be seen from 
Figures 3(a) and (b) in both structures identical blocks containing two layers A and B can be 
identified, which are related by inversion centers. 
Block I 
Block I 
Figure 3. Stacking sequences of the layers in (aj GNa2Si2Ös and (b) ß- Na2Si20s. Dark grey circles 
correspond to the Na-atoms linking the sheets. The labeling of the sodium cations in the ß-phase follows 
the choice of Pant (1968) [16]. 
Furthermore, the number of oxygen ligands of the two different Na-atoms residing between 
the layers A and B are identical : five and six, respectively. A detailed comparison between 
the individual Na-O bond distances of the corresponding sodium atoms reveals, that there 
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exists an almost one-to-one correspondence of the Na(2) and Na(3) atoms in phase C and the 
cations Na(2) and Na(l) in the ß-phase. The main difference between the two modifications 
results from the way in which the blocks are stacked. In contrast to ß-Na2SfeOs, where two 
adjacent blocks are translationally equivalent (resulting in a two layer stacking sequence), two 
neighboring blocks I and II in C-Na2SfeOs are related by the c-glide planes at y = % and y = 
3A, respectiyely. Therefore, a four layer stacking sequence is observed in this phase and the 
sodium atoms Na(l) and Na(4) at the interface between the blocks show a different 
coordination environment compared to Na(2) and Na(3). Whereas the 2i-screw axes in ß-
Na2Si>C>5 are located within the single layers, running parallel to the zweier single chains, the 
corresponding symmetry elements in phase C are oriented perpendicular to the layers. 
Twinning 
Twinning by pseudo-merohedry is a feature frequently observed in monoclinic crystals where 
ß is close to 90°. Actually, under the petrographic microscope almost all crystals of C-
Na2S^ C>5 showed a polysynthetic twinning with composition planes parallel to (001). The 
twinning observed on a macroscopic scale may be microscopically rationalized by the 
existence of domains related by twofold axes running parallel [100] or mirror planes 
perpendicular to [001]. The resulting two types of twin individuals and the hypothetical twin 
boundary within a single layer for a twinning according to 2[ioo] are shown in Figure 4. 
Twin boundary 
Domain Domain II 
Figure 4. Possible twinning model for C-Na2Si205 with 2[ioo] selected as the twin dement. 
At the interfaces between the domains ditrigonally shaped, six-membered rings in UDUDUD 
conformation are formed. Twinning according to npooi] also results in rings of ditrigonal 
shape at the domain boundary. 
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However, the conformation of these rings would be UUDUDD. Since twinning by 2[ioo] is not 
involved with a change the of sequence of directedness across the twin boundary this 
twinning model seems to be more appropriate. 
29SiMAS-NMR 
The 29Si MASNMR spectrum in Figure 5 shows four well-resolved lines with chemical shifts 
in the ränge between -86.0 ppm and -88.2 ppm. It can be fitted nicely using four Lorerizians 
with linewidths of 21 Hz and 24 Hz for the two low-field and the two high-field lines, 
respectively. The relative intensities thus obtained are 1 : 0.99 : 0.92 : 0.89. The small 
deviations from unity could easily be caused by the individual relaxation times in the various 
sites differing by not more than 10% from each other (cf. Experimental). The chemical shifts 
fall in the ränge observed for Q3 groups in other alkali disilicates (Heidemann et al. [13], de 
Jong et al. [21]). The signal-to-noise ratio is sufficient to rule out any significant contributions 
from amorphous by-products. 
-86.0 -86.3 
| i i i i | i i i i | i i t i | t i i i | i iM|i i f i |Mii | i i f i | i irniTrr l | t frr iTnii | tM!pMi| i i i i f i i i i | i iM|M/i | iMi| i i»iTi»"l ' ' ' ,*T^titT' ' ' ' [ i f i i | i iM|Mii | i ! i i | i i i i |ni i | 
-82.0 -84.0 -86.0 -88.0 -90.0 -92.0 -94.0 
29c rdeo at; Figure 5. Si MASNMR spectrum of C-Na2Si205 reco d t an MAS frequency of 12 kHz (232 scans, p/4 
pulses, repetition time: 900 s, cf. Experimental). 
Although there was not quite enough sample to fill the 4 mm rotor we attempted to determine 
the parameters describing the anisotropy of the chemical shift (CSA), /. e. the anisotropy ? 
and the asymmetry ?. These parameters contain valuable information on the local geometry of 
different Silicon sites (Grimmer [22]). The 29Si MASNMR spectrum obtained at an MAS 
frequency of 2.2 kHz is given in Figure 6. 
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The spectral ränge in which the five spinning sidebands are observed indicates anisotropy 
values characteristic of Q3 units (Heidemann et al. [13], Grimmer [22]). However, the signal-
to-noise ratio achieved is too low for a reliable determination of the CSA parameters, in 
particular, to ascertain any subtle differences between the non-equivalent sites. To obtain an 
adequate signal-to-noise ratio in a reasonable time, the measurements have to be repeated 
with a larger amount of sample using a 7 mm rotor. 
|li I i|i I n |H 111 n 11| IM i )i in | II n |i 11)| u 1111 ii 1111 ii | ii 111 ii i i | ii M | n ii |i i ; i ;n 11| i in | in I/I i ii |i i i i | 1111| ii 11| in 11 M/ I 111 ii 11111| i in 
-40 -60 -80 -100 -120 -140 -160 
(ppm) 
Figure 6. 29Si MASNMR spectrum of C-Na2Si205 recorded at an MAS frequency of 2.2 kHz (360 scans, p/4 
pulses, repetition time: 900 s, cf. Experimental). 
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The four well-resolved lines in the Si MASNMR spectrum (Figure 5) undoubtedly have to 
be attributed to the presence of the four non-equivalent sites. However, their actual 
assignment to the individual sites turns out to be a problem. Generally, the chemical shift-
structure correlation is the main reason why the combination of X-ray diffraction with solid-
State NMR spectroscopy is so efficient. The close correlation between Si NMR chemical 
shift and geometrical properties such as St-O bond lengths and Si-O-Si bond angles a was 
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recognized soon after the first paper on the application of Si MASNMR to Silicates 
(Lippmaa et al. [23]) was published. Basic concepts and the early work on the theoretical 
Interpretation of 29Si NMR chemical shifts in zeolites and other Silicates and quantitative 
correlations between chemical shift and structure parameters has been reviewed by Engelhardt 
and Michel [24]. We have applied several correlation equations established for Q3 units using 
either the Si-O bond lengths or the bond angles a. 
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The results thus obtained are inconsistent with each other (see Table 5). 
Table 5 Compilation of geometry data of the Silicon sites and calculated isotropic chemical 






5«, = 844.2 <d(Si-0)>/Ä - 1459.5 (ppm) 
(Smith etal. [29]) 
8iso = 1187 <d(Si-0)>/Ä - 2014 (ppm) 
(Grimmer and Radeglia [26]) 
5 ^ = -24.336 I(EN) + 279.27 (ppm) 
(Janes and Oldfield [30]) 
Si» = -0.725 <ZSi-0-Si> + 9.054 (ppm) 






































 Sum of bond electronegativities calculated according to Janes and Oldfield [30]: EN(Si-O) = 
ZSi-O-Si /136.79° + 2.9235 and EN(O-Na) = 3.4395. 
The equations based on the Si-O distances predict a much wider ränge of chemical shifts than 
actually observed in the spectrum while those based on the bond angles predict a significantly 
narrower one than is observed. Furthermore, the two types of correlations suggest completely 
different sequences of the lines: From the bond-angle based correlations the order Si(3), Si(2), 
Si(l), and Si(4) (from low to high field) is obtained, whereas the Si-O distance based 
correlations produce the opposite sequence. 
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Heidemann et al. [13] have reported the similar discrepancy for^-Na2SfeOs. 
Using different siliceous zeolites for which high-quality structure data were available, Fyfe et 
al. [25] have critically evaluated several chemical shift-structure correlations for Q4 units. 
Both the mean Si-Si distance, that is, the distance between the target Silicon atom and its first 
nearest neighboring Silicon atoms, and the mean value of the cos a I (cos a-1) function were 
found to have a linear relationship with the isotropic 29Si NMR chemical shift with very high 
correlation coefficients. The main limitation in the structure-chemical shift correlations is the 
accuracy of the X-ray data, particularly when refinements of powder data are involved. Errors 
of 0.001 Ä in the Si-O bond lengths (Grimmer and Radeglia [26], Engelhardt and Michel 
[24], Grimmer [22]), 0.01 Ä in the Si-Si distances (Fyfe et al. [25]) or 2° in the mean bond 
angles (Engelhardt and Radeglia [27], Engelhardt and Michel [24]) correspond to 
comparatively large shift uncertainties of the order of 1 ppm. Very recently, Hochgräfe et al. 
[28] have demonstrated that improved structural data can be obtained from lattice energy 
minimization calculations compared to those from Rietveld analysis, provided that the 
topology of the framework is known. These authors pointed out that they used Si-Si distances 
since the true crystallographic Si-O distances are often obscured by static or dynamic disorder 
of the oxygen atoms, whereas a similar disorder has never been observed for Silicon atoms in 
zeolite framework structures. Hence, the use of geometry data that do not depend on oxygen 
positions might be superior even if single-crystal data are available. 
To the best of our knowledge, no quantitative correlation based on Si-Si distances has been 
established for Q? units. Assuming the same slope of the chemical shift versus mean Si-Si 
distance correlation (about -115 ppm/Ä) as obtained for Q4 units by Fyfe et al. [25], the 
difference of 0.015 Ä between the mean Si-Si distances for Si(3) and Si(4) in the Silicate 
under study corresponds to a chemical shift difference of 1.7 ppm. This value fits the 
experimentally observed shift difference of 2.2 ppm of the most separated lines (Figure 5) 
much better than the rather large differences derived from the Si-O bond lengths or the rather 
small ones derived from the Si-O-Si bond angles. Since the above given slope is negative, the 
resonance line at the lowest field should be assigned to Si(3) and that at the highest field to 
Si(4), giving the same sequence as the correlations based on the bond angles (cf. Table 5). 
However, this argument is rather tentative and further work is necessary to put the assignment 
on a firm footing. Considering the great similarity of the environments of the four Silicon sites 
it might be a difficult problem to solve. 
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Abstract 
Single crystals of a new sodium disilicate modification labeled K-Na2S^Os have been 
prepared from the hydrothermal crystallization of a glass at 700°C and 3 kbar. The structure 
has been solved and refined to a residual of R(|F|) = 0.035 for 750 independent observed 
reflections. The Compound is orthorhombic with space group Pn2\a (a = 8.128(1) Ä, b = 
4.8322(8) Ä, c = 11.977(3) Ä, V= 470.4(3) Ä3, Z= 4, D, = 2.57 g/cm3, |x(Mo^a) - 0.87 mm 
') and belongs to the group of single layer Silicates. Individual sheets can be described as 
being built by the condensation of zweier single chains of SiÜ4 - tetrahedra parallel to the b -
axis or, alternatively, by condensation of vierer single chains parallel to the a - axis. The 
layers contain six-membered rings in UDUDUD conformation. The stacking of the layers 
parallel to the c - axis results in a three-dimensional structure in which the alkali cations 
reside on two crystallographically independent sites (M(l) and M(2)) between the layers for 
Charge compensation. The geometrical and topological features of the single tetrahedral sheets 
in K-NaaSfeOs are almost identical to those observed in ß- and C-N^SfeOs. Differences 
between the structures can be attributed to different ways of stacking of adjacent sheets and 
are discussed in detail. Small amounts of potassium can be substituted for sodium without 
changing the structure type. At slightly different synthesis conditions (600°C, lkbar) we 
obtained an isostructural mixed alkali disilicate with composition Nai^Ko.iöSfeOs (a = 
8.172(2) Ä, b = 4.849(1) Ä, c = 12.078(3) Ä, V= 478.6(3) Ä3). The distribution of the alkali 
atoms among the two M(l) and M(2) positions shows a definite preference of the larger 
potassium for the M(l) site; the M(2) site is K-free. 
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Introduction 
Alkali disilicates containing sodium have been investigated frequently because of their 
complex polymorphism as well as for their interesting material scientific applications. At 
ambient pressure, as many as six polymorphs of Na2S^05 (phases am, an, ai, ß, y, 5) are 
known to appear as a function of temperature and synthesis conditions [1-5]. Furthermore, the 
structures of the two high pressure phases C- and £- Na2S^Os have been described [6,7]. For 
potassium disilicate two different phases have been reported [8,9]. While the crystal structures 
of the above mentioned end-members of the System NaaSfcOs - K^SfcOs have been studied in 
detail, only limited Information is available on the formation of intermediate Compounds of 
general composition Na2-xKxSfeOs. Sakaguchi et al. [10] published an indexed powder pattern 
of a polycrystalline mixed phase with x ~ 0.7 prepared from the calcination of a slurry 
precipitated by adding NaOH and KOH to a sodium Silicate Solution. Single crystals of the 
same phase suited for structural investigations but with a slightly different general 
composition (x = 0.45) were obtained by Rakic and Kahlenberg [11] from the devitrification 
of a glass at 550°C and ambient pressure. Using a similar synthesis technique the same 
authors were able to prepare a novel Compound with x = 1.0 [12]. Both phases belong to the 
group of Single layer Silicates but differ considerably concerning the topology of the 
tetrahedral layers. Whereas in Nai.ssKo^S^Os the conformation of up (U) and down (D) 
pointing tetrahedra within the six-membered rings is UUDUUD, the sheets in NaKSfeOs are 
build up from four-, six- and eight-membered rings. The present paper is part of an ongoing 
study to elucidate the crystal chemistry of the Na- and Na - K - disilicates. 
Experimental Details 
The starting material for the Single crystal growth experiments were glasses prepared 
from Na2CÜ3 (Fluka, 99%), K2CO3 (Riedel deHaen, 99%) and fine grained quartz powder. 
The reagents were weighted in molar ratios to give chemical compositions Na2SfeOs and 
Nai.5Ko.5Sfe05, respectively, and were homogenized in an agate mortar. Subsequently, the 
mixtures were melted at 1000°C for 20 min. on platinum dishes in a resistance heating 
furnace, quenched to room temperature and re-ground. Melting, quenching and grinding were 
repeated three times to increase the homogeneity of the glass. Amounts of 0.20 g of the glass 
powders and about 1 wt% of water were loaded in gold capsules (5 mm diameter, 0.2 mm 
wall thickness, 22 mm length) and sealed by welding. 
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The hydrothermal synthesis was performed in an externally heated cold-seal pressure vessel 
operating in vertical configuration and being capable of rapid quenching. Synthesis 
experiments for both compositions were conducted for pressures of lkbar as well as 3kbar 
and temperatures of 600°C and 700°C, respectively. At room temperature the samples were 
taken to the maximum pressure (water as pressure medium) and subsequently isobarically 
heated to the maximal temperature. After a run duration of 24 hours the samples were 
isobarically quenched to room temperature within a few seconds. 
A first inspection of the eight synthesis products using a polarizing microscope 
revealed the presence of a polycrystalline material containing small amounts of glass. Only 
for the samples prepared at 700°C/3kbar (for Na2Si205) and 600°C/lkbar (for Nai.5Ko.5Sfe05) 
a few crystals with dimensions suitable for structural investigations were found and could be 
isolated from the matrix. The optical quality of the two samples was different. Whereas the 
pure sodium disilicate samples showed sharp extinction between crossed polarizers, the 
potassium containing crystals exhibited a pronounced undulous extinction. However, we 
could not observe any indications for a polysynthetic twinning, which is frequently 
encountered in alkali disilicates. 
For the structural investigations crystals, about 0.02 x 0.06 x 0.18 mm3 (for the Na-K-
silicate sample) and 0.2 x 0.25 x 0.12 mm3 (for the pure Na Silicate) in size were selected. 
Single crystal x-ray diffraction (XRD) intensity measurements were performed using a STOB-
imaging plate detector system (IPDS). Experimental details pertaining to data collections and 
structure determinations are summarized in Table 1. 
Table 1. Data collection and refinement parameters 
K-Na2Sfe05 
( A ) Crystal data 
a ( Ä ) 8.128(1) 
b ( Ä ) 4.8322(8) 
c ( Ä ) 11.977(3) 
V ( Ä3 ) 470.4(3) 
Space group Pn2\a 
Z 4 
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Rotation width in (|) (°) 
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Irridation time / exposure (min.) 
26 - ränge (°) 
Refiection ränge 
No. of measured reflections 
No. of unique reflections in m2m 
Rnt in m2m after 
absorption correction 
No. of observed reflections 
(I>2o(I)) 
( C ) Refinement of the structure 
No. of parameters used 
in the refinement 
Rl (F 0 > 4 o(F0)); Rl (all data ) 
wR2 ( F0 > 4 G(F0)) 
Weighting parameter a 
Goodness of Fit 
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Due to the smaller size of the K-containing crystal comparatively long exposing times of 10 
minutes per frame were used. Both crystals showed orthorhombic Laue symmetry. The 
evaluation of the systematic extinction rules and the intensity statistics (<|F?-1>) resulted in 
the space group Pn2\a for each phase. 
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Data reduction including intensity Integration, background corrections, as well as Lorentz and 
polarization correction was performed with the Stoe XRED program package. All data were 
numerically corrected for absorption using a face absorption correction. 
Attempts were made to determine the exact chemical composition of the K-containing 
crystal selected for the XRD measurements using an electron microprobe (EMP) as well as 
analytical scanning electron microscope (SEM). Although for the electron microprobe 
analysis (Cameca SX 50) low acceleration voltage and beam current (lOkV, 5nA) were used 
we still observed significant beam damage of the crystal, which subsequently resulted in low 
analysis totals (88 to 92 %). Only in one part of the crystal beam damage was greatly reduced 
with resulting totals between 96 and 99 %. The chemical composition for these spots is about 
Nai.86Ko.i4Sfc.205.4. The non-ideal (Na+K):Si ratio of 2:2.2 may be the result of some residual 
alkali loss under the electron beam. To obtain further constraints on the chemical composition 
of the investigated crystal we also used the EDX system of a SEM (LEO 1530). Due to the 
much lower beam current (about 0.2 nA) this technique caused no visibb beam damage of the 
crystal. The disadvantage of these measurements was that we did not recalibrate the system 
but used the factory made calibration for the X-ray intensity to concentration relationship. On 
the basis of 43 analyses we observed an average Na:K ratio of 1.84:0.16, which is very close 
to the most trustworthy results of our EMP analysis. However, the SEM data give an average 
(Na+K):Si ratio of 2:2.56. Since the ideal value of 2:2 for a disilicate was confirmed by the 
subsequent structure analysis, the deviation from the ideal value may be due to some alkali 
loss under the beam or may be the artifact of the (for our crystal) incorrect x-ray intensity to 
concentration calibration of the used EDX system. Nonetheless the analyses indicated (a) the 
presence of a homogeneous phase and (b) the incorporation of minor amounts of potassium 
into the structure. Therefore, the crystal used for the structure Solution is considerably 
depleted in potassium compared to the bulk composition of the starting glass. 
Structure Solution and refinements 
The crystal structure of the pure sodium Silicate was solved by direct methods with the 
program SIR92 [13] using a multi Solution process. The phase set with the maximum 
combined figure of merit resulted in an E-map, the most intense peaks of which could be 
interpreted as a partial structure containing the sodium, Silicon and some of the oxygen atoms. 
The structure was completed by difference Fourier calculations providing the starting 
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Parameters for the least Squares lefinements performed with the program SHELXL-93 [14]. 
Neutral-atom scattering factors and anomalous-dispersion corrections were taken from the 
International Tables for X-ray crystallography [15]. Iterative füll matrix least Squares 
calculations based on F2 using anisotropic displacement factors and a Larson-type extinction 
correction converged to an unweighted Rl index of 0.035. The correct absolute configuration 
was checked by inspection of the Flack parameter. The obtained structural model showed the 
typical features of a tetrahedral Single layer disilicate. Due to the close relationship between 
the basic crystallographic data of the two Compounds investigated in this study the structural 
model of the pure NaaS^Os phase was used as a starting point for least Squares refinements of 
the crystal structure of the potassium containing phase. Actually, the calculations confirmed 
the hypothesis that both Compounds are isotypic. Initial refinements included the atomic 
Parameters and the isotropic displacement factors as well. In the next step the site occupancies 
of the two alkali sites M(l) and M(2) were included in the refinement. According to SEM 
analysis, a constraint on the bulk composition was applied, and füll occupancy for both sites 
was assumed. Within the experimental error no K-substitution on M(2) could be detected, 
leading to the following crystal chemical formula: (Nao.84Ko.i6)NaSfeC>5. The error in the Na/K 
distribution for the M(l) site is ± 0.02, as derived from the occupancy refinements. The final 
calculations using anisotropic displacement parameters converged at Rl = 0.053. The refined 
atomic coordinates, equivalent isotropic and anisotropic displacement parameters, as well as 
selected interatomic distances and angles are given in Tables 2 - 4 . 
Table 2. Atomic coordinates and equivalent isotropic displacement factors. The first and the 
second line of each atom correspond to the data of K-Na2SbOs and Nai^Ko.iöSfcOs, 
respectively. Ueq is defined as one third of the trace of the orthogonalized Uy tensor. All atoms 
occupy general positions. In case of Nai.84 Ko.iöSfeOs, M(l) is a mixed alkali site with site 
























































































Table 3. Anisotropic displacement parameters (Ä2). The anisotropic displacement factor 
exponent takes the form: -2 TC2 [ h2 a*2 Ui i + ... + 2 h k a* b* U12 ]. The first and the second 






























































































































Table 4. Selected bond distances (Ä) and angles (deg.). 
K-Na2S^05 































































































































































We are aware of the fact that the values for thermal parameters for Nai^Ko.iöSfcOs are larger 
compared with the pure sodium disilicate. However, a re-examination of the diffraction data, 
the absorption correction and the resulting bond distances and angles did not reveal any 
indications that a wrong Space group symmetry had been chosen nor did we detect any 
evidence for a systematic error during the data reduction. We attribute the higher values for 
the thermal motion to the considerably smaller sized of the crystal, reducing the diffracted 
intensity especially at higher diffraction angles. Drawings of structural details were prepared 
using the program ATOMS [16]. 
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Results 
The comparison of the sodium disilicate studied in this paper and the structurally 
characterized NaiSfeOs phases mentioned in the introduction revealed that the present 
Compound represents a previously unknown modification which is named K-Na2SfeOs. Since 
K-Na2S^05 and Nai.^Ko.iöSfeOs are isostructural we will focus the discussion of the structural 
details on the pure sodium disilicate phase. 
The structure of K-Na2SfeOs consists of a sequence of tetrahedral layers perpendicular 
to [001]. Each layer is composed of six membered rings of S1O4 - tetrahedra in UDUDUD 
conformation. Figures la and b show projections parallel and perpendicular to c of one of the 
two tetrahedral sheets in the unit cell, respectively. 
Alternatively, the single layers can be 
described as being built by condensation of vierer 
single chains parallel [100] or zweier single 
chains parallel [010] via common corners. A 
single zweier chain contains either Si(l)C>4 or 
Si(2)C>4 - tetrahedra. The equatorial oxygen atoms 
of the sheets are not strictly coplanar. The bonds 
between the two symmetrically independent 
Silicon cations and the non-bridging oxygen 
atoms 0(2) and 0(3), respectively, are short ( 
<Si-Onbr>: 1.568 Ä ) but are in good agreement 
with the values for the equivalent non-bridging 
oxygen atoms in the oc -, ß - and 8- modifications 
Figure 1. Single layer of the SiO<4-tetrahedra in 
XT „. -. . ,. . . . ofNa^SriOs. The bond distances between Si(l) 
K-Na2Si205 in projections perpendicular (a) and v ' 
parallel (b) to the sheet. and Si(2), respectively, and the three bridging 
oxygen atoms of each tetrahedron are considerably longer (average 1.639 Ä and 1.636 Ä). 
The average T-O distances <Si(l)-0> = 1.623 Ä and <Si(2)-0> = 1.618 Ä are only slightly 
larger than the value of 1.617(6) given by Baur [17] as a mean distance in phyllosilicates. 
While the average values of the O-Si-O angles for the two tetrahedra around Si(l) and 
Si(2) are very close to the ideal value of 109.47°, the individual angles ränge from 106° to 
115° suggesting a slight distortion of the polyhedra. According to Robinson et al. [18] the 
distortion can be expressed numerically by means of the angle variance c . This parameter 
has values of 18.55 and 10.17, respectively, for the two polyhedra around Si(l)and Si(2). 
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The differences between the inter- and intra- chain Si-O-Si angles are almost negligible: the 
Si-O-Si angles are about 136.5° for the two oxygen atoms O(l) and 0(4) within a zweier 
Single chain, and 135° about 0(5), the anion connecting neighboring chains. The Si-O-Si 
angles agree well with the commonly observed Si-O-Si angle frequency distribution reported 
by resulting from a Statistical analysis of a large number of different Silicate structures [19]. 
Charge balance in the structure is achieved by the incorporation of alkali ions located 
between the tetrahedral layers. Figure 2 shows a protection of the whole structure parallel to 
the layers. 
Figure 2. Projection of the whole structure of K-Na2Si205 parallel [010]. Horizontally and vertically hatched 
spheres correspond to the cation sites M(l) and M(2), respectively. 
For the M(l)- as well as for M(2)-site five oxygen ligands between 2.30 Ä and 2.60 Ä can be 
found. Extending the limit for the coordinating anions up to 3.0 Ä, M(2) has an additional 
sixth oxygen neighbor at about 2.91 Ä. Since typical Na-O bond lengths average to about 2.44 
Ä [20] this latter bond would be weak. The coordination polyhedra can be approximately 
described as distorted trigonal bipyramids and distorted octahedra, respectively. 
Each distorted M(2)06 octahedron shares four corners with neighboring octahedra in 
such a way that a single strongly folded perovskite-like layer is formed. Further linkage 
between the octahedra is provided by the M(l)Os groups. A single bipyramid shares four 
edges with the four adjacent octahedra. The tetrahedral layers alternate with the sheets 
containing the M(2)06 and M(l)Os polyhedra. 
85 
These intermediate layers are located at about z = 0.25 and 0.75. Projections of a Single 





Figure 3. Intermediate layers of the coordination polyhedra surrounding the alkali cations in K- Na2Si20s (a,b) 
and ß-Na2Si205 (c,d). For each phase a projection perpendicular as well as parallel to the layers is shown. 
Octahedra and bipyramids are drawn in dark and medium grey color, respectively. 
The incorporation of a small amount of potassium on the M(l) site in Nai^KaiöStOs 
is also reflected in the mean M-0 distances. The average M(l)-0 distance is increased from 
2.447 Ä in K-Na2Sfe05 to 2.485 Ä in Nai.s^o.iöSfeOs. The corresponding values for the 
potassium-free site M(2) are almost the same in both phases (2.410 Ä and 2.425 Ä, 
respectively). 
Bond valence calculations were performed using the parameters given by Brese and 
O'Keeffe [21] for Si-0 as well as Brown and Altermatt [22] for Na-0 and K-O pairs and the 
bond distances of the first coordination sphere summarized in Table 4. The bond valence 
sums (BVS) for the atoms in both materials were close to the atomic valences. 
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In K-Na2SfeC>5, for example, the following values were obtained: Si(l): 4.03 v.u., Si(2): 4.09 
v.u., M(l): 0.89 v.u. and M(2): 1.05 v.u.. The BVS values for the oxygen anions varied 
between 1.89 v.u. for 0(3) and 2.09 v.u. for O(l). When a site like M(l) in Nai^Ko.ieSfeOs is 
occupied by two different atoms a comparison of the bond valence sums calculated for each 
of the disordered atoms can be used to estimate the relative occupancies of the two atom 
species. The determination of the relative amounts of Na and K on M(l) based on the BVS 
resulted in occupancies of 84 at% Na and 16at % K. These values are in excellent agreement 
with the outcome of the structure refinements. 
Discussion and comparison with related structures 
The existence of a very short lattice constant of about 4.9 Ä is a common feature of 
almost all alkali disilicates including the present Compounds (see [11] and references therein). 
From a strucrural point of view this metrical parameter corresponds to the translation period 
of the tetrahedral zweier single chains within the layers of the phyllosilicates. More or less 
pronounced differences between the disilicates can be attributed to different layer topologies 
and/or different stacking schemes of the layers. 
Concerning the geometrical and topological aspects of the tetrahedral layers, K-
NaaSfeOs is closely related with ß- Na2SfeOs [23]. In both Compounds the layers can be 
characterized by elliptically distorted six-membered rings in UDUDUD conformation. For ß-
Na2S^05 as well as for K- Na2SfeOs the 2i-axes within the structure are running along the 
zweier single chains. The similarities between the arrangements of the tetrahedra in the layers 
are also reflected in the observed Si-O-Si angles falling into the same narrow ränge between 
134° and 138° for each phase. Furthermore, the sodium atoms in both modifications are 
coordinated by either five or six oxygen ligands. 
The main differences result from the ways in which adjacent layers are stacked (cf. 
Fig. 4). In K- and ß-Na2S^Os an ABABA... stacking sequence has been realized. However, 
neighboring layers in the ß-phase are related by inversion centers, whereas the corresponding 
sheets in K- Na2Sfc05 are mapped onto each other by a-glide planes perpendicular to [001]. 
Due to the different type of stacking in the ß-phase the intermediate layers containing the 
M(1)C>5 andM(2)06 polyhedra are also transformed. The M(2)C>6 octahedra in ß-NaaSfeOs are 
connected by common edges and form double chains or bands running parallel [010]. The 
octahedral bands in turn are linked by slabs containing edge sharing M(l)Os bipyramids. 
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The altemating sequence of octahedral and bipyramidal bands of a Single intermediate layer in 
ß-NaaSfeOs are shown in Figures 3c and 3d. 
(a) 
Figure 4. Comparison between the stacking of 
the tetrahedral layers in (a) K- and (b) ß-
Na2Si205. 
Another interesting structural relationship 
can be obtained from the comparison with the 
recently solved structure of GNaaSfcOs [6]. As 
can be seen from Figure 5 the Gphase can be 
considered as being built from a sequence of 
altemating blocks cut from the K- and the ß-
modification, respectively. According to the 
phase diagram given by Williamson and Glasser 
[2] the ß-phase is a low pressure modification. At 
pressures of 0.1 - 0.4 kbar the Gphase becomes 
stable. Although we did not study the stability 
region of the K-phase in detail it is obviously that 
its field of existence is shifted to even higher 
pressures. 
- K 
Figure 5. Modular approach for the description bf phase C of stfdium disilicate as an alternate stacking of blocks 
corresponding to K- and ß-Na2Si205. 
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From a structural point of view a pressure dependent sequence ß - C - K may be rationalized 
as follows. Since the topology and the geometry of the tetrahedral layers in the three sodium 
disilicates are almost identical we can focus on the intermediate layers containing the NaOx-
polyhedra. Whereas the octahedra in ß- and K-Na2SfeOs have almost the same volume (18.1 
Ä3 and 18.4 Ä3, respectively) the NaOs-bipyramids in the K-phase are significantly smaller 
(10.2 Ä3) compared with the corresponding polyhedra in the ß-phase (11.5 Ä3). Therefore, 
with increasing pressure the K-modification of sodium disilicate should be more stable. Since 
phase C contains equal amounts of building blocks of ß- and k- Na2SfeOs as well, its existence 
is limited to intermediate pressure regions. However, it has to be pointed out that at pressures 
above 50 kbar a new phase ^-disilicate) appears which can not be directly related to the 
sodium disilicates mentioned above [7]. In summary one can say that even in comparatively 
simple binary Systems like Na20-Si02 there are still a lot of open questions concerning the 
number, the phase relationships and the crystal structures of the sodium Silicates. 
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Abstract 
Single crystal growth experiments for NaKSfeOs and Nao.67Ki.33SfeOs have been 
successfully performed by hydrothermal crystallization of two stoichiometric glasses at 500°C 
and 1 kbar during 24 hours. For the glass with a Na:K ratio of 1:1 a previously unknown 
NaKS^Os modification named phase II was obtained. The structure of NaKSfeOs-II has been 
solved from a single crystal diffraction data set and refined to a residual of R(|F|) = 0.032 for 
1186 independent reflections. The Compound is monoclinic with space group P2\/c (a = 
4.852(1) k,b= 13.594(2) Ä, c = 7.463(1) Ä, ß = 91.20(2)° V= 492.1(2) Ä3, Mr= 198.27 u, Z 
= 4, Dx = 2.68 g/cm3, |i(MoÄTa) = 1.58mm"1) and belongs to the group of double chain 
Silicates. Individual double chains can be described as being built by the condensation of 
zweier single chains of SiC"4 - tetrahedra running parallel to the a - axis. Each chain contains 
four-membered rings. Alkali-atoms are 6- and 8-fold coordinated by the oxygen ligands. 
NaKSfcOs-II is isotypic with the structure of NaRbSfeOs which has been synthesized at room-
pressure. Hydrothermal treatment of a second glass with composition Nao.sKLsS^Os resulted 
in the formation of single-crystalline material of Nao^Ki^S^Os, slightly Na-richer than the 
starting composition. The platy crystals showed twinning by pseudo-merohedry, a feature we 
took account of by separating the reflections from the different twin individuals during the 
data collection. Structure Solution has been accomplished by direct methods. The subsequent 
refinement converged to a residual of R(|F|) = 0.037 for 1543 independent reflections. The 
Compound is monoclinic as well with Space group 12/a (a = 12.731(2) Ä, b = 7.321(1) Ä, c = 
17.827(3) Ä, ß = 100.85(2)° V= 1631.9(6) Ä3, Mr = 206.32 u, Z = 12, JX = 2.53 g/cm3, 
(j,(Mo^Ta) = 1.78mm"1) and belongs to the group of single layer Silicates. A single layer 
consists of four-, six- and eight- membered rings, which are parallel to (100), and can be 
described as being built by the condensation of unbranched dreier single chains running along 
the b-axis. The stacking of the layers results in a three-dimensional structure in which the 
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alkali cations reside between the layers for Charge compensation. The distribution of the alkali 
atoms among the three crystallographically different positions M(l), M(2) and M(3) shows a 
definite preference of the larger potassium for the M(l) and M(2) site; the M(3) site is K-free. 
The alkali-atoms are 5- and 6- fold coordinated by the oxygen atoms. The geometrical and 
topological features of the single tetrahedral sheets in Nao.67 Ki^S^Os are very similar to 
those observed in the phase I of NaKS^Os. Differences can be attributed to different ways of 
stacking of adjacent sheets, and different sequences of up and down pointing tetrahedra within 
the rings. 
Introduction 
In contrast to the mixed alkali Na-K-disilicate glasses information on possible 
crystalline phases in the system l ^ S ^ O s - K^S^Os is rather limited. The glasses of the 
System Na2-XKXS^05 have been intensively studied by several spectroscopic techniques like 
Raman scattering (Brawer and White [1]), EXAFS (Greaves [2]) or solid State NMR 
(Florian et al. [3]) in order to explain the so-called mixed alkali effect. This term is used for 
the Observation, that several physical properties show a non-linear dependence from the 
chemical composition. Furthermore, the comparatively simple amorphous sodium and 
potassium disilicates have been used for molecular-dynamics Computer simulations to study 
the dynamics of the alkali ions embedded in the SiÜ2 matrix (Horbach et al. [4]) or for 
inelastic neutron scattering measurements to understand the microscopic nature of the low-
energy excitations observed in the amorphous Systems (Dove et al. [5]). Basic 
crystallographic data for the first crystalline intermediate Compound with x ~ 0.7 have been 
obtained by Sakaguchi et al. [6] who reported an indexed powder pattern of a sample 
prepared from the calcination of precipitated precursors. Single crystals of the same phase 
suited for structural investigations but with a slightly different general composition (x = 
0.45) were synthesized by Rakic and Kahlenberg [7] from the devitrification of a glass at 
550°C and room pressure. Using a similar approach the same authors were able to prepare a 
Na-K-disilicate with x = 1.0 (Rakic and Kahlenberg [8]). In the following course of the 
manuscript this Compound will be denoted NaKS^Os-I. Furthermore, the existence of a 
potassium-poor Compound with x = 0.16 has been shown only recently by Rakic et al. [9]. 
All three phases belong to the group single layer Silicates . 
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The present paper is part of an ongoing study to elucidate the crystal chemistry of the 
mixed Na-K-disilicates and represents an extension of structural and preparative studies into 
the field of phases stable at elevated pressures. 
Experimental Details 
Starting materials for the single crystal growth were glasses prepared from fusing 
Na2C03 (Fluka, 99%), K2CO3 (Riedel deHaen, 99%) and fine grained quartz powder. The 
reagents were weighed in molar ratios to give chemical compositions of NaKS^Os and 
Nao.5Ki.5S^05 and were homogenized in an agate mortar. Subsequently, the mixtures were 
melted at 1000°C for 20 min. in a resistance heated furnace, quenched to room temperature 
and re-ground. Melting, quenching and grinding were repeated for three times to increase the 
homogeneity of the glass. Amounts of 0.21 g of the glass powders were loaded together with 
about 1 wt% of water into gold capsules (5 mm diameter, 0.2 mm wall thickness, 22 mm 
length) and were sealed by welding. The hydrothermal syntheses were performed in 
externally heated cold-seal pressure vessels operating in vertical configuration and being 
capable of rapid quenching. At room temperature the samples were taken to a pressure of 1 
kbar (water as pressure medium) and subsequently isobarically heated to 500°. After mn 
durations of 24 hours the samples were isobarically quenched to room temperature within a 
few seconds. 
For both compositions, a first inspection of the synthesis products with a polarizing 
microscope revealed the presence of crystalline material containing only small amounts of 
glass. A few crystals with dimensions suitable for structural investigations were found and 
could be isolated from the matrix. Concerning the habit of the crystals and their optical 
quality the samples differed considerably. The crystals recovered from the more potassium 
rieh run adopted the platy habit typical for phyllosilicates. For the glass with composition 
NaKSfeOs, on the other hand, prismatic fibrous crystals similar to those observed for 
actinolite or anthophyllite (Evans and Yang [10]; Walitzki et al. [11]) were obtained. Whereas 
the needles showed sharp extinetion between crossed polarizers, a pronounced polysynthetic 
twinning was encountered for the platy crystals. The chemical compositions resulting from 
the subsequent strueture analysis (see below) can be written as NaKS^Os (for the needles) 
and Nao.67Ki.33Sfe05 (for the plates), respectively. Therefore, the composition of the second 
phase is slightly Na-richer than the starting composition of the corresponding glass. 
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Front the differences in the morphology between the phase reported in present 
manuscript and the results of our previous study on NaKS^Os (Rakic and Kahlenberg [8]) we 
concluded that this Compound may show polymorphism. Actually, this early hypothesis was 
confirmed by the subsequent structure analysis. The new modification will be named 
NaKSi>05-II. 
For the structural investigations on NaKS^Os-II a needlelike crystal, about 0.03 x 0.13 
x 0.19 mm in size was selected. Unfortunately, we could not find anyuntwinned crystal of 
Nao.67Ki.33SfeC>5. Therefore, a polysynthetic twinned sample with dimensions of about 0.3 x 
0.2 x 0.1 mm was used for this Compound. Single crystal intensity measurements were 
performed using a STOE- imaging plate detector system IPDS. Since the crystals of 
Nao.67Ki.33Sß05 were subject to twinning by pseudo-merohedry a comparatively large 
sample-detector distance of 70 mm was chosen in order to reduce the number of partially or 
completely overlapping reflections. Experimental details pertaining to data collection and 
structure determination are summarized in Table 1. The program RECIPE of the Stoe 
Software package was employed to isolate the diffraction spots Coming from the two different 
orientations of the twin domains in Nao.67Ki ^ SfeOs. The diffraction peaks were indexed 
independently and the two superimposed diffraction patterns were integrated simultaneously 
including an overlapp check. For the structure Solution only the non-overlapping reflections of 
the larger twin individual vrere used. Data reduction included background corrections, Lorentz 
and polarization correction as well as a face absorption correction. 
Table 1. Data collection and refinement parameters for NaKSfcOs-II and Nao.67Ki^S^Os. 
(A ) Crystal data 
a ( Ä ) 
b ( Ä ) 
c ( Ä ) 
ß(° ) 
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Both phases showed monoclinic Laue symmetry 2/m. The evaluation of the systematic 
extinction rules and the intensity statistics resulted in the assignment of the space groups 
P2\/c (for NaKSj>C>5-II) and Tl/a (for Nao.67Ki.33SfeC>5), respectively. Initial stuctural modeis 
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that conform to these space group symrnetries were found by direct methods using the 
program SIR92 (Altomare et al. [12]). The phase sets with the maximum combined figure of 
merit resulted in an E-map, the most intense peaks of which could be interpreted as a partial 
structure containing the alkali, Silicon and some of the oxygen atoms. The structures were 
completed by difference Fourier calculations providing the starting parameters for the least 
Squares refmements performed with the program SHELXL-93 (Sheldrick [13]). Neutral-atom 
scattering factors and anomalous-dispersion corrections were taken from the International 
Tables for X-ray crystallography (Ibers and Hamilton [14]). Iterative füll matrix least Squares 
calculations based on P using anisotropic displacement parameters converged to Rl = 0.032 
for NaKSfcOs-II and 0.037 for Nao.67Ki.33Sfe05, respectively. The final calculations included 
site occupancy refmements to study the Na/K distribution among the different alkali sites. No 
constraints on the bulk chemical composition were applied. However, füll occupancy of the 
alkali sites was assumed. The results of the refmements indicate that within one Standard 
deviation no Na - K Substitution is observed for the different alkali positions in both 
Compounds. The largest shift in the final cycle was < 0.001. The refined atomic coordinates, 
equivalent isotropic and anisotropic displacement parameters, as well as selected interatomic 
distances and angles are given in Tables 2-4. Drawings of structural details were prepared 
using the program ATOMS (Dowty [15]). 
Table 2a. Atomic coordinates and equivalent isotropic displacement factors forNaKS^Os-ü. 





















































Table 3a. Anisotropic displacement parameters (Ä2) for NaKSfeOs-II. The anisotropic 































































































































































Table 2b. Atomic coordinates and equivalent isotropic displacement factors for Nao.67K1.33 
SfeOs. Ueq is defined as one third of the trace of the orthogonalized Uy tensor. The oxygen 














































































Table 3b. Anisotropic displaeement parameters (Ä2) for Nao.67Ki.33Sfe05 . The anisotropic 
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Results and discussion 
NaKSi205-II 
The structure of NaKSfeOs-II consists of a sequence of tetrahedral double chains 
running parallel to [100]. Each double chain contains four-membered rings of S1O4 tetrahedra. 
Alternatively, the double chains can be described as being built by condensation of zweier 
single chains. A single sub-chain contains Si(l)C>4 as well as Si(2)Ü4 - tetrahedra and is 
almost identical to those observed in the single chain Silicate Na2SiÜ3 (see Fig. 1). 
/csinP 
The bonds between the two symmetrically 
independent Silicon atoms and the non-bridging 
oxygen atoms 0(2) and 0(3), respectively, are 
short ( <Si-Onbr>: 1.564 Ä ) but are in good 
agreement with the values for the equivalent non-
bridging oxygen atoms in other disilicates. The 
bond distances between Si(l) and Si(2), 
respectively, and the three bridging oxygen atoms 
of each tetrahedron are considerably longer 
(average 1.645 Ä and 1.649 Ä). While the 
average values of the O-Si-O angles for the two 
tetrahedra about Si(l) and Si(2) are very close to 
Figure 1. Projection of a single zweier double , . , , , / . 
the ideal value of 109.47°, the angles ränge from 
chain in NaKSi205-II (a) parallel and 104° to 116° for the SiO
 4 groups (Table 4a). (b)perpendicularto[100]. & r v ' 
This suggests that the polyhedra are slightly distorted. According to Robinson et al. [16] the 
distortion can be expressed numerically by means of the angle variance c2 . This parameter 
has values of 13.012 and 20.020 for the two polyhedra around Si(l)and Si(2), respectively. 
The differences between the inter- and intra- chain Si-O-Si angles are almost negligible: the 
Si-O-Si angles are about 137° for the two oxygen atoms O(l) and 0(4) within azweier single 
chain, and about 131° for 0(5), the anion connecting neighboring chains. The Si-O-Si angles 
agree well with the commonly observed tetrahedral angle frequency distribution reported by 
Baur [17]) resulting from a Statistical analysis of a large number of different Silicate 
structures. 
Charge balance in the structure is achieved by the incorporation of alkali ions. The Na 
atoms are surrounded by six oxygen ligands between 2.20 Ä and 2.70 Ä, forming distorted 
octahedra. Each NaOß-octahedron shares two common edges with adjacent octahedra. 
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The condensation of the octahedra, in turn, results in bands running parallel [100], which can 
be classified as double ReÜ3 chains (Wells, [18]). A Single ribbon provides linkage between 
four adjacent tetrahedral double chains. The potassium cation is also surrounded by six 
oxygen ligands with distances between 2.80 Ä and 3.10 Ä. Furthermore, two additional 
oxygen neighbors can be found up to 3.3 Ä. Focussing on the inner six oxygen ligands the 
KCVpolyhedra can be also described as distorted octahedra. Octahedral chains are also 
formed via sharing of two common edges. However, for the potassium ions the ribbons have a 
different orientation: they are extending along [001]. A side view of the whole structure of 
NaKSfeOs-II is given in Figure 2. 
Figure 2. Side view of the whole structure of NaKSiiOs-II. Small grey spheres representNa-atoms, 
the larger spheres correspond to the K-atoms. 
Bond valence calculations were performed using the parameters given by Brown and 
Altermatt [19] for Si-O, Na-0 and K-0 pairs and the bond distances of the first coordination 
sphere summarized in Table 4. The bond valence sums (BVS) for the cations are in good 
agreement with atomic valences: Si(l): 4.16 v.u., Si(2): 4.19 v.u., Na(l): 1.11 v.u. and K(l): 
0.86 v.u. The BVS values for the oxygen anions varied between 1.86 v.u. for 0(2) and 2.21 
v.u. for 0(4). 
The structure of NaKSfeOs-II is isotypic with NaRbSjOs (de Jong et al. [20]). However, the 
present structural investigation exhibits a considerably higher precision which is reflected in 
lower residuals and smaller Standard deviations for the atomic coordinates and the bond 
distances/angles. 
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The close relationship is expressed by small deviations between their atomic positions 
calculated from an interpenetrating model of the structures based on the lattice constants of 
NaKS^Os-II. The mean Separation between the Si atoms of the two structures is 0.058 Ä, 
between the O atoms it is 0.076 Ä, and between the alkali ions it is 0.095 Ä. The differences 
between the average values of the Si-0 bond lengths (NaRbSi05: 1.622 Ä; NaKSfe05: 1.626 
Ä) as well as the Si-O-Si angles (136.7° and 135.3°, respectively) in the tetrahedra are 
negligible. The comparison between the lattice constants of both phases given in Table 5 
shows the expected trend for the unit cell volumes resulting from the Substitution of the 
smaller K (r = 1.51 Ä) by the larger Rb (r = 1.61 Ä; the values for ionic radii of the 
monovalent cations were taken from the corresponding tables of Shannon [21]). 
Table 5. Comparison between the lattice constants of NaKSfeCvII and NaRbS^Os (de Jong et al. 
[20]). 
_ _ _ _ _ _ _ j -
NaKSfe05-n 4.852(1) 13.594(2) 7.463(1) 91.20(2) 492.1(2) 
NaRbSi>05 4.857(1) 13.540(1) 7.733(1) 90.91(1) 508.5(1) 
The existence of two Polymorphie forms of NaKSfeOs as a funetion of the pressure 
used for the preparation can be attributed to pronounced differences in the densities between 
both modifications. The comparison between the unit cell volumes per formula unit of the 
layer Silicate NaKSfcOs-I (Vi = 130.8 Ä3) prepared at ambient pressure and the double chain 
Silicate structure observed in NaKSfeCvII (Vri = 123.0 Ä3) shows clearly, that the latter phase 
exhibits a considerably higher density. Therefore, the formation of NaKSfeOs-II is favored by 
the application of increased pressure. It is noteworthy that this finding contradicts a trend in 
Silicate crystal chemistry described by Ghose and Wan [22] that layers tend to result from 
hydrothermal synthesis and chains from atmospheric, high-temperature crystallization 
experiments. 
Na0.67Ki.33Si2O5 
Nao.67Ki.33S^05 belongs to the Single layer Silicate structures and represents a new 
structural Variation among this group. The layers are parallel (100) and can be described as 
being built from the condensation of unbranched dreier Single chains running along [010]. 
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(a) (b) 
Figure 3. Projection of a Single four tetrahedra 
wide ribbon including two unbranched dreier 
Hence, the b lattice constant of about 7.3 Ä corresponds to the translation period of the Single 
chains. Two neighbonng chains share two out of three tetrahedra to form the four tetrahedra 
wide band shown in Figure 3a. Using Liebau's nomenclature (Liebau [23]) these ribbons can 
be addressed as unbranched dreier double chains. 
A single band consists of an alternating sequence 
of four- and six-membered tetrahedral rings in 
UUDD and UUUDDD conformation, 
respectively. The same sequence of directedness 
can be found in the double chains of the mineral 
okenite (Merlino, [24]), a hydrous calcium 
Silicate with composition CasS^023*9H20 (see 
Figure 3b). The six-membered rings in Nao.67K1.33 
SriOs show a pronounced elliptical distortion. The 
planes defined by the equatorial oxygen atoms of 
both ring types are slightly inclined relative to 
single chains in (a)Na0.67Ki.33Si2O5 and (b) okenite. (100). Adjacent ribbons are linked by the 
common oxygen atoms 0(7) located on the 
twofold axis parallel b to build up the tetrahedral 
single layers. 
At the interface between two bands eight-
membered tetrahedral rings are formed (see Fig. 
4a). A projection of the corresponding single 
layer parallel [100] is given in Figure 4b. The unit 
cell contains two of these single layers in which 
all S1O4 tetrahedra have three bridging and one 
terminating oxygen vertex (see Figure 5). The 
sodium and potassium atoms reside in voids 
between the tetrahedral sheets. No mixing of the 
two different alkali species has been observed: 
two out of three alkali sites are exclusively occupied by potassium, while the third position is 
a pure sodium site. The tetrahedra themselves exhibit rather typical bond lengths: the average 
Si-Oterm. and Si-Obr. distances are 1.555 Ä and 1.637 Ä, respectively. The difference between 
the two averages of about 0.08 Ä is also quite typical for Silicate structures and reflects the 
stronger bonding between Si and Oterm. compared with that between K and O (or between Na 
Figure 4. Projection of a single sheet containing 
Si04-tetrahedra (a) perpendicular and 
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Figure 5. Side view of the whole structure of Nao.67Ki.33Si205. Small grey spheres represent Na-atoms, 
the larger spheres correspond to the K-atoms. 
In addition, the O-O distances (2.531 to 2.710 Ä) and the O-Si-0 bond angles (101.0° to 
115.6°, Table 4b), respectively, are also very similar to the values reported in the literature 
(Liebau [23]). The angle variances o2 for the tetrahedra about the three Si atoms are 25.88 for 
Si(l), 20.58 for Si(2) and 32.15 for Si(3), indicating that the differences in the angle 
distortions are not very pronounced. Most of the Si-O-Si angles in Table 4 are close to 140°, 
the value which has been reported by Liebau [23] for an unstrained Si-O-Si bond angle. The 
only exception with about 167° is the angle around 0(7) occurring at the interface between 
the neighboring double chains. It is interesting to note, that the probability ellipsoid defined 
by the adp's of this oxygen ligand shows a pronounced elongation perpendicular to the Si-O-
Si bond. This may indicate that the ellipsoids for 0(7) do not represent a true thermal motion 
and that the elongation is rather due to a disorder process. 
The remaining atoms in the structure, the two crystallographically independent 
potassium ions as well as the sodium cations, are located in interstitial sites between the 
layers, such that the Na and K(l) atoms reside in planes defined byz " 0.06, 0.44, 0.56, 0.94 
and the K(2) atoms within the planes defined by z ~ 0.25 and 0.75, respectively. Na and K(l) 
adopt positions above and below the eight-membered rings. Each sodium atom has five 
nearest oxygen neighbors; the distorted tetragonal NaOs-pyramids are linked pairwise via a 
common edge. K(l) is coordinated by six oxygen ligands with distances up to 3.3 Ä. 
However, no easy polyhedral approximation for the description of the coordination sphere 
could be found. The K(2) atoms, on the other hand, reside about 2.1 Ä above and below the 
six-membered rings, slightly displaced from the center towards the 0(1) atoms. 
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The K ( 2 ) 0 ö polyhedra can be approximately described as distorted pentagonal pyramids. Two 
adjacent pyramids appear to share a common face. These dimers, in turn, are linked to each 
other by common oxygen corners. 
The calculated bond valence sums (BVS, based on the data set of Brown and 
Altermatt [19]) for the three tetrahedral sites cations, as well as the alkali positions were close 
to the expected values of 4.0 v.u. and 1.0 v.u., respectively: Si(l): 4.22 v.u., Si(2): 4.36 v.u., 
Si(3):4.27 v.u., K(l):0.98 v.u. K(2):0.95 v.u. and Na(l): 0.97 v.u.. The BVS values for the 
oxygen anions varied between 1.91 v.u. for 0(2) and 2.26 v.u. for 0(8). 
Unbranched dreier single layers containing four-, six- and eight-membered rings are 
comparatively rare building units among the group of layer Silicates. The first representative 
of this group has been discovered by Fleet [25] in the structure of the mineral dalyite 
(K^ZrSfcOis). Further examples can be found in the paper of Haue and Wuensch [26] on 
Compounds belonging to the series AJVISfcOis with A: Na,K and M: Y, Nd. Concerning the 
structural relationships with the Silicate layers observed in Nao.sKi.5 S^Os, the following three 
phases are of special interest: KsNdSiöOis (Pushcharovskii et al. [27]), NaKSfeOs-I (Rakic 
and Kahlenberg [8]) and NajHCeSfcOis x «H2O (Shumyatskaya et al. [28]). A common 
feature of all four materials are lattice constants of about 7.3 Ä and 15.8 Ä within the planes 
parallel to the tetrahedral sheets, corresponding to the translation periods of slightly folded 
dreier and strongly corrugated achter single chains. Neglecting different degrees of 
corrugation, the individual layers differ primarily in the directedness of the tetrahedra, i.e. in 
the distribution of "up" and "down" pointing tetrahedra (see Figure 6). 
With regard to the phyllosilicates in the System NaaS^Os - I^SfcOs, there is a trend of 
an increasing stability of the eight-membered tetrahedral rings with increasing potassium 
content of the Compounds. Whereas the single layers in the K-poor phases with x = 0.16 and x 
= 0.45 exhibit only six-membered rings (with different sequences of directedness), the 
corresponding layers for x = 1.0 and x = 1.33 consist of four- and eight-membered rings as 
well. It may be anticipated that B^S^Os should adopt a single layer Silicate structure, where 
no six-membered rings occur within the tetrahedral sheets. Acrually, the metrical parameters 
of the potassium disilicate modification first described by Schweinsberg and Liebau [29] 
point to that direction. Structural investigations on this unknown phase are currently in 







Nao^KijäSiiOs HNa-CeSisOis x »H-0 
1-igure t>. ldealized representation ol the topology Ol the unbranched dreier single layers in (a) NaKSi205-I, 
(b) Nao.67Ki33Si205, (c) K3NdSi60i5 x 2H20 and (d) Na2HCeSi60i5 x «H2O. The directedness of each tetrahedron 
is indicated by either „?" for „up" or „?" for „down". The unit meshes within the idealized layers are indicated 
by the rectangles inscribed. 
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Abstract 
Single crystals of y-NaaS^Os have been obtained from the crystallization of a 
stoichiometric glass at 520°C. The monoclinic crystals belong to Space group Cllc (a = 
33.326(2)Ä, b = 14.1457(7)Ä, c = 26.206(2)Ä, ß = 108.60(2)°, V= 11709.0(1.5)Ä3, Z = 96, 
Dcaic=2.48 gern3). The diffraction pattern showed the typical features of a superstrueture. The 
strueture was solved by direct methods including the pseudo-translational effects as a prior 
information for the normalization process and subsequently refined to a residual of Rl = 
0.058. The Compound can be classified as an interrupted tetrahedral framework with 
exclusively C?-units. Basic building units are spiral achter single chains running parallel 
[010]. Every four of these chains are linked via common corners, surrounding a central tunnel 
where the sodium atoms are located for charge compensation. The framework density has a 
value of 16.4 T-atoms/1000Ä3. At 563°C the monoclinic phase undergoes a structural phase 
transition into a tetragonal high temperature modification (space group IA\la, a = 11.869(2)Ä, 
c = 7.176(2)Ä, V= 1011.0(6)Ä3, Z = 4). The transition is induced by cooperative rotations of 
the tetrahedra and involves a bisection of the translation period along the spiral chains. The 
symmetries of both modifications are in a close relationship: the Space group of the i?r-phase 
is a subgroup of index 24 of the Space group of the HT-phase. Focussing on the Connectivity 
of the tetrahedra the two phases are identical. Topologically they can be described as three 
dimensional 3-connected nets of a type which has been already observed in the intermetallic 
Compounds LiGe and LiSi, as well as in the mineral grumantite. 
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Introduction 
Since the early investigations of Kracek [1] the System Na2Ü - SiC>2 has been the subject of 
many studies focussing onthe phase relationships between sodium Silicates [2-5]. Especially 
the disodium disilicates, NaaS^Os, have attracted considerable attention because these phases 
can occur during the devitrification of the technical important soda-lime glasses [6]. 
Furthermore, they are used as ion exchangers in washing powders in combination with or as 
an alternative to zeolitic materials [7,8] and have been investigated as possible Na ionic 
conductors [9]. In the field of earth science, glasses and melts of disodium disilicate 
composition have been frequently studied as comparatively simple model Systems to 
understand the processes in igneous melts [10-11]. According to the investigations mentioned 
above at least nine different modifications of NaaS^Os have to be distinguished. A more 
detailed comparison of the Polymorphie forms can be found in [12] and the references cited 
therein. 
Apart from the phases discussed in the present paper all disodium disilicates studied so far 
belong to the group of single layer Silicates. Although the complex polymorphism of the 
disilicates has been known for more than fifty years, detailed crystallographic 
characterizations for several of the NaaS^Os phases have been performed only recently 
[12,13]. The reason that these phases have not been studied earlier can be attributed to the low 
quality of the crystals hindering a strueture determination by diffraction techniques. 
Especially twinning by pseudo-merohedry and/or diffuse scattering phenomena due to 
stacking faults of the tetrahedral single layers are frequently encountered. 
One of the last unsolved structural problem within the group of the known 
disodiumdisilicates was the crystal strueture of y-NaaS^Os, a metastable modification which 
can be obtained from the crystallization of glasses in the ränge between 500°C - 580°C [2]. 
Several authors have tried to synthesize this Compound in a pure form [2,3]. However, the 
simultaneous formation of other disodium disilicates or SiÜ2 phases seems to be unavoidable. 
Hitherto, only one more detailed crystallographic investigation based on precession films has 
been performed for y-Na2SfeOs by Hoffmann and Scheel [14]. According to their results the 
diffraction pattern of the y-phase can be subdivided into (a) main reflections belonging to a 
monoclinic P-cell (a = 23.46 Ä, b = 7.08 Ä, c = 26.12 Ä, ß = 116.7°) and (b) additional 
satellite reflections parallel to [010] with incommensurate components with respect to b*. 
Unfortunately, no strueture determination even on the average strueture has been performed. 
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Further complications arise from thermal analyses (DTA) showing three reversible 
thermal effects occurring at 555°C, 574°C and 595°C [2]. Willgallis and Range [2] attributed 
these effects to structural phase transitions and distinguished four sub-phases yiv - Yi- The 
interpretation of the heat effects as Polymorphie transformations has been challenged by 
Williamson and Glasser [3], who did not observe any significant differences between high-
temperature diffraction patterns collected in stability regions of the postulated y-polymorphs. 
However, both groups agree that at temperatures above about 670°C y- Na2SfeOs is 
irreversibly converted to the ß-phase of disodium disilicate. 
The aim of the present study was (a) to synthesize Single crystals suited for structural 
investigations, (b) to re-examine and discuss the crystal strueture of the y-phase at room 
conditions, (c) to compare the strueture of y- Na2S^Os with the other modifications and (d) to 
investigate the existence of possible phase transitions at elevated temperatures. 
Experimental details 
First synthesis experiments to obtain single crystals were based on the approach 
already proposed by Hoffmann and Scheel [14]. Starting materials were (a) powdered glasses 
prepared from melting and quenching of a stoiehiometric mixture of sodium carbonate (Fluka, 
99%) and fine grained quartz powder and (b) dried water glass Solution with disilicate 
composition. Both materials were fused on to sintered oxide plates of T1O2, SnC>2, S1O2 and 
GeC>2. Subsequently the glazed ceramic plates were devitrified for 24h in the ränge between 
550°C and 650°C as described by Hoffmann and Scheel. Crystal growth was observed to start 
at the glass - ceramic interface. In contrast to the results reported by Hoffmann and Scheel we 
could not reproduce the formation of any single crystalline material of the y-phase. Apart 
from traces of polycrystalline material of y- IN^S^Os the yield contained larger amounts of 
the a-phase as well as several single crystals of the oxidic Substrate. Altematively, we tried to 
obtain y- Na2Si20s directly from the crystallization of a disodium disilicate glass at a 
relatively low temperature of 520°C. In contrast to previous investigations [2] a 
comparatively long time of devitrification (10 days) was used in order to obtain single crystals 
with dimensions suitable for a single crystal diffraction experiment. The reaction produet 
contained a significant amount of glass as well as two crystalline phases which could be easily 
distinguished under the polarizing microscope: numerous platy crystals of oc- NazSfcOs and 
some rare xenomorphic, optically biaxial crystals of a second Compound. 
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Differential scanning calorimetry (DSC) studies of the material obtained from the 
crystallization experiments was perfonned on a Netzsch STA 449c. A powdered sample was 
placed into an alumina crucible and heated in air at a rate of 10°C/min from R.T. up to 620°C. 
After reaching 620°C the sample was cooled down to 400°C at a rate of 10°C/min. 
A single crystal of the unknown crystalline phase with dimensions of 0.20 x 0.15 x 
0.05 mm3 was mounted in a glass capillary. Diffraction data were recorded on a Stoe imaging 
plate detector system (IPDS). Data collections at elevated temperatures were accomplished by 
means of a heating device based on the principle of immersing the crystal in a hot nitrogen 
stream, as proposed by Tuinstra and Storni [15]. A detailed description of the furnace can be 
found in [16]. An initial temperature calibration was performed using a chromel-alumel 
thermocouple placed at the position of the sample. The gas flow was regulated through a flow 
valve at a rate of 50 1/h. 
Parameters of the data collection at room temperature and of the subsequent structure 
refmement are summarized in Table 1. 
Table 1. Data collection and refinement parameters of the RT-phase. 
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Stoe - IPDS 
Graphite 
MoKa,X = 0.71073 Ä 
50 kV, 40 mA 
80 mm 
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Rotation width in <)  (°) 
No. of exposures 
Irridation time / exposure (min.) 
6 - ränge ( ° ) 
Refiection ränge 
No. of measured reflections 
No. of unique reflections in 2/m 
Rnt in 2/m 
No. of observed reflections ( I > 2 
( C ) Refinement of the structure 
CT(I)) 
No. of parameters used in the refinement 
Rl (F 0 > 4 <y(F0)); Rl (all data ) 
wR2 ( F0 > 4 G(FO)) 
Weighting parameter a 
Goodness of Fit 
FinalApm i n(e/Ä3 ) 
FinalApmax(e/Ä3) 
R1=2| |F0 | - |FC | | / S|F0| 
















wR2 = (£(w(F02 -Fc2)2) / S(w(F02)2))'/2 
P = (2FC2 + max(Fo2,0)) / 3 
Indexing resulted in an unusually large unit cell with a volume of about 11709 Ä3 (a = 
33.326(2) Ä, b = 14.1457(7) Ä, c = 26.206(2) Ä, ß = 108.60(2)°). The analysis of the 
systematic absences implicated the diffraction symbol 2/mC-c-. An inspection of the 
diffraction pattern revealed an unequal distribution of intensities among different classes of 
reflections, a characteristic feature of superstructures. Actually, the strong reflections 
correspond to a monoclinic, pseudo-tetragonal subcell with a" = 11.752, 6 ' = 11.739, c ' = 
7.073 and / = 90.36°. The relationship between the real unit cell and the subcell can be 
formulated with the following matrix equation: 
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(a* b' c') = (a b c) x 
/ 6 / 3 u 
o o y2 
V V o 
/ 3 / 3 U 
Due to the low linear absorption coefficient of (i = 8.3 cm" for MoK«- radiation no absorption 
correction has been applied. Data reduction included Lorentz and polarization corrections. 
The structure was solved by direct methods using the program SIR97 [17]. Evaluation 
of the intensity statistics (iE2-!!) did not clearly indicate the presence or absence of a center of 
symmetry. Both possible monoclinic space groups, Cllc and Cc, were tested. However, only 
in the noncentrosymmetric case a phase set could be found, the most intense peaks of which 
could be interpreted as the atomic positions of a partial model containing the Silicon, sodium 
and some of the oxygen atoms. The structure was completed by difference Fourier 
calculations (program SHELX97, [18]). An inspection of the atomic coordinates obtained 
using the MISSYM subroutine of the program PLATON [19] revealed, that after applying an 
origin shift, pairs of atoms of the same kind can be found which fulfill the symmetry 
requirements of Cllc within a maximum deviation of about four estimated Standard 
deviations. Therefore, the coordinates were transformed and the structure refinement was 
performed in space group Cllc. Neutral-atom scattering factors and anomalous dispersion 
corrections were taken from the International Tables for Xray Crystallography [20]. The 
calculations using isotropic temperature factors converged to Rl = 0.081 for 433 parameters 
and 6191 independent reflections with I> 1(5(1). The introduction of anisotropic displacement 
parameters improved the residual index significantly (Rl = 0.044). However, to model the 
anisotropic thermal motion of each atom the total number of parameters increased to 973 and 
the over-determination is reduced to 6191/973 ~ 6, if the reflections with / > 1<5(I) are 
considered. Although all 108 independent atoms had positive definite temperature factors, the 
ratio of parameters to observed reflections is too low to obtain reliable results. Therefore, in 
the final calculations an anisotropic model was used for the Silicon and sodium atoms only, 
whereas the oxygen atoms were refined isotropically. The final electron density map was 
featureless. The largest shift in the final cycle was < 0.001. The resulting fractional atomic 
coordinates, equivalent isotropic and anisotropic displacement parameters, as well as selected 
interatomic distances (up to 3.1 Ä) and angles are given in Tables 2 - 4 . Drawings of 
structural details were prepared using the program ATOMS [21]. 
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Table 2. Fractional atomic coordinates and equivalent isotropic displacement parameters for 
the i^r-phase. U(eq) is defined as one third of the trace of the orthogonalized Uy tensor. The 





































































































































































































































































































































































































































































































































































Table 3. Anisotropic displacement parameters (Ä2) for the Silicon and sodium 
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Na23 0.0802(17) 0.0245(11) 0.0441(13) 0.0024(10) 0.0388(13) 0.0082(12) 
Na24 0.0834(18) 0.0299(12) 0.0393(13) -0.0095(10) 0.0377(13) -0.0144(12) 
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Results and discussion 
Description ofthe structure at room temperature 
The crystal structure of y-NaaSbOs at room temperature is shown in Figure 1. Silicate 
tetrahedra form a three-dimensional framework with the composition [SfeOs]2" and a SirO 
ratio of 1:2.5. Apart from y-N^SfeOs, this ratio has been observed only for two other 
framework Silicates, although it is known for many Single layer, double chain and a few 
double ring Silicates [22]. Basic building units ofthe structure are Spiral achter single chains 





Figure 1. Projection ofthe whole structure 
of the RT-phase of y-Na2Si205 parallel 
Figure 2. Single tetrahedral achter single chain 
within the framework ofthe R T-phase. 
(a) side view and (b) projection parallel [010]. 
Since the space group symmetry implies the existence of 2i-screw axis running parallel to the 
chains, two revolutions of the spiral account for the b lattice constant. In a projection parallel 
[010] the chains appear as four-membered rings (Figure 2b). Linkage between neighboring 
chains is provided by tetrahedra sharing common oxygen atoms. 
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Groups of four spirals are connected in such way 
that they enclose central tunnels (see Figure 3). In 
a projection parallel [010] the tunnels appear as 
eight-membered rings. Alternatively, the tunnels 
can be considered as being built from [82102102] 
composite building units. Each of these units or 
cavities contains four sodium atoms for charge 
compensation. They are located at the corners of 
distorted [Nat] - tetrahedra (cf. Figure 3). 
There are 24 symmetrically independent 
Si atoms, each of which is tetrahedrally 
coordinated. All SiOzi-tetrahedra have three 
bridging (br.) and one non-bridging (nbr.) vertex. 
Figure 3. Organization of the Silicate framework This Connectivity implies, that the y(RT)-phase of 
surrounding a single tunnel. Small and big circles disodium disilicate belongs structurally to the rare 
correspondto the Si and Na atoms, respectively. ^ ^
 o f i n t e r r u p t e d s i l i c a t e frameworks. 
Concerning the individual Si-O bond distances 
two groups can be distinguished: 
The Si-Onbr. bond lengths are significantly shorter (1.549 - 1.578 Ä) than the Si-Obr. bond 
distances (1.605 - 1.658 Ä) . This shortening results from the stronger attraction between O 
and Si than between O and Na in the structure, and is a typical result for Silicates containing 
Q3 units. Whereas the average values of the O-Si-0 angles for all 24 tetrahedra are very close 
to the ideal value of 109.47°, the individual O-Si-0 angles ränge from 99° to 117°. This 
indicates that the tetrahedra deviate considerably from regularity. However, the scatter is 
similar to the values reported in the literature for other interrupted frameworks. The Si-O-Si 
angles show a spread between 124.8° and 157.1° with an average of 134.4°. This mean value 
is about 6° lower than the value 140° corresponding to an unstrained StO-Si angle [22]. 
The calculation of the bond-valence sums (BVS) for the tetrahedral sites using the 
Parameters for the Si-O bond given in [23] differed less than 10% from the expected value of 
4.00 valence units (v.u.) for Silicon (BVS = 4.16 - 4.37 v.u.).Charge balance in the structure is 
achieved by an incorporation of sodium ions in the Channels of the tetrahedral network 
running parallel b. 
Each of the ^ K r l O 2 ] composite building units 
enclose four Na atoms. 
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Within the Channels, the Na ions are irregularly coordinated by five to seven oxygen ligands. 
Na-O distances cover a wide ränge, as can be seen in Table 4. However, the values are 
consistent with Na-O distances reported in the literature. 
The framework density [24] of the porous crystal structure of y-NaaS^Os at room 
conditions is 16.4 T-atoms/1000Ä3. This value is comparable with those observed in natural 
zeolitic materials like cancrinite or edingtonite, for example [25]. 
High temperature studies 
In the DSC run only one broad endothermic effect was observed in the ränge up to 
620°C, with a temperature of 563°C representing the maximum of the reaction. On cooling, 
an exothermic effect appeared at almost the same temperature (561°C). In order to study this 
effect in more detail the single crystal used for the structure determination at room conditions 
was heated to 575°C. The data collection was performed with the same instrumental settings 
used for the room temperature measurement. It revealed that the thermal effect is related to a 
structural phase transformation. Only the strong main reflections (already conspicuous at 
room conditions) remained above the transition: they correspond to a tetragonal bodycentered 
unit cell with lattice constants of a = 11.869(2)Ä and c = 7.176(2)Ä. The weak superstructure 
reflections disappeared. An analysis of the systematic absences resulted in the Space group 
I4\/a for the high temperature phase. Unfortunately, the crystal was not stable throughout the 
whole data collection. In the course of the measurement powder rings with increasing 
intensity appeared on the images. The evaluation of the powder rings pointed to a gradually 
transformation of the metastable single crystal of y(HT)-Na2Sfe05 to a polycrystalline 
aggregate of the ß-modification of disodium disilicate. Therefore, the structure Solution by 
direct methods and the refinement of the high temperature phase was based on the 3418 
reflections collected on the first 70 frames, where no powder rings could be observed. The 
internal R-value for merging these data in Laue group Alm was 0.095. The refinement using 
anisotropic displacement parameters converged to Rl = 0.071. We are aware of the fact, that 
the quality of this data set and of the derived structural data (see Table 5) is definitely lower 
compared with the results obtained at room conditions. However, the principle features of the 
HT-phase and of the transition can be derived without any doubt. 
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Table 5. Fractional atomic coordinates and isotropic displacement parameters for the HT-
































Concerning the relationships between the space group symmetries, the RT-
modification of y-NaaSfeOs can be considered as a subgroup of index 24 of the //T-phase. The 
transformation is induced by cooperative rotations of the tetrahedra without any breaking of 
primary bonds. As a consequence of these rotations the symmetry of the basic spiral chains in 
the /fT-structure is increased (they are located around the 4 - screw axis of the tetragonal 
structure) and the translation period along the chain direction is decreased by a factor two, 
resulting in vierer single chains. Neighboring chains are linked by an oxygen atom (03) 
residing on a center of inversion. The high temperature factor of this bridging oxygen atom 
may point to the existence of a split position, avoiding an energetically unfavorable straight T-
O-T angle. However, the introduction of a split atom model did not significantly improve the 
refinement and therefore, this question can not be settled with certainty. A projection of the 
whole structure parallel [001] is given in Figure 4a. 
Topological aspects 
The high- and the room-temperature modification of y-NaaS^Os belong to the group of 
interrupted tetrahedral framework structures. The Connectivity of the T-atoms can be 
characterized by their coordination sequences which are identical for all Si atoms in the 
asymmetric units of both phases : 3-6-12-22-35-50-69-92-116-142. Furthermore, the vertex 
symbols [26] of all tetrahedral centers are $-81*103. Since both structures are exclusively 
build from O^  units they can be classified as three-dimensional 3-connected nets. Detailed 
theoretical studies on these net types have been performed by Wells [27], for example. 
Actually, the net observed in y-NaaSfeOs has been already mentioned in his comprehensive 
listing and is denoted ^lO-a. The maximal topological symmetry of this framework type is 
I4\/amd. 
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It belongs to the class of the so-called archimedean 3-connected nets, indicating that at least 
two of the shortest rings meeting at each vertex are of different kinds concerning the number 
of points belonging to the circuits. 
It is interesting to note, that the same kind of net has been already observed for a group 
of Compounds with a completely different chemical composition. Within the crystal structures 
of the so-called five electron Compounds LiGe and LiSi, the Ge and Si atoms occupy the 
corners of the same net type [28]. Furthermore, the same topology of the tetrahedral 
framework as in y(RT) - and y{HT) - Na2SfeOs can be found in the chemically closely related 
mineral grumantite (NaHSfc05 x H20) [29]. 
Many of the known interrupted tetrahedral framework structures can be derived from 
unbroken parent frameworks [27]. For the derivation of the parent framework for the 
topologically equivalent two y-phases we focussed on the less complex //T-modification. The 
theoretical parent framework structure was derived from the HT-phase by inserting one 
additional tetrahedral atom at the position (0, 1/4, 5/8), corresponding to the Wyckoff-site Ab 
of Space group I4\/a (see Figure 4b). The resulting three-dimensional 4-connected net is the 
same that can be found in the diamond structure or in cristobalite (see Figure 4c). Therefore, 
the tetrahedral nets observed in y-NaaS^Os can be considered as a defect cristobalite net 
where 20% of the tetrahedral centers have been removed. 
Figure 4. (a) Projection of the //T-phase parallel [001]; (b) Topology of the corresponding theoretical parent 
framework structure. Dark gray circles indicate the Si-atoms. The light gray circles represent the additional T-
atoms at (0, 1/4, 5/8) inserted to construct the 4-connected net. The resulting new bonds (thin black lines) have 
been added as a guide for the eyes; (c) Side view of a 5.4 Ä wide slab parallel (2-1 0) cut from the derived 
parent fra-mework structure showing the characteristic six-membered rings of the diamond / cristobalite net. 
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To our best knowledge three-dimensional three connected nets for oxides and 
fluorides containing tetrahedral building units have been observed only for the mineral 
grumantite [29], K ^ O s [30], o - P205 [31], La2Be205 [32], CsBe2F5 [33] and K2CeS^Oi5 
[34]. The characteristic topological parameters of these Compounds derived from the 
published structural data are given in Table 6. 
Table 6. Summary of the basic topological data for the T-atoms in the oxide framework 
Compounds crystallizing in three-dimensional 3-connected networks. 





















Three different X-ray powder diffraction patterns of the y-phase are listed in the 
Powder Diffraction File (PDF-2 entries 18-1242, 19-1235, 22-1395). Whereas a high degree 
of coincidence can be found concerning the strong reflections of the three entries, the number 
and the positions of the weak reflections differ considerably. However, one has to keep in 
mind that the polycrystalline material used in previous powder diffraction studies frequently 
contained impurity phases which can easily account for the differences observed for the class 
of low intensity lines (see Introduction). The comparison between a simulated powder 
diffraction pattern based on the structural data of the present investigation obtained at room 
temperature and the experimentally determined data mentioned above reveals that all 
pronounced reflections are reproduced nicely. Nevertheless, our results differ from the only 
other diffraction study on y-Na2S^Os using single crystals [14]. Although we did not observe 
any indication for the existence of an incommensurately modulated structure with satellite 
reflections parallel to b* as described in [14], there exists a striking relationship between our 
unit cell parameters and those reported by Hoffmann and Scheel for the average structure 
(AS) defined from the main reflections (see Introduction). 
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Furthermore, focussing on the very strong reflections Hoffmann and Scheel reported the same 
pseudo-tetragonal sub-cell that was observed for the ^J-phase in our diffraction experiments. 
In summary one can say that there are sufficient arguments to postulate the existence of two 
sub-modifications of y-NaaS^Os which can be preserved at room conditions: (a) the 
modulated phase described by Hoffmann and Scheel and (b) the so-called RT-phase of the 
present investigation. However, it cannot be excluded that the modulated phase may have 
been stabilized by the incorporation of small amounts of cations from the oxides plates used 
as Substrates. 
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Im Rahmen dieses Projektes wurden die Kristallchemie und die polymorphen Formen im 
System IV^SiaOs (Me: Na, K) untersucht. Die folgenden Teilaspekte wurden bearbeitet : 
1. Synthesen zum a-Na2SfeOs, Vorcharakterisierung der Proben mittels thermischer 
Analysen und //T-Pulverdiffraktometrie, Sammlung von Einkristalldatensätzen bei hohen 
Temperaturen. 
Kristalle der zur Gruppe der Einfach-Schichtsilikate gehörenden Phase des a-Na2S^Os 
konnten relativ leicht und schnell aus Gläsern entsprechender Zusammensetzung 
gewonnen werden. Eigene thermische Analysen zeigten zwei reversible Effekte bei 682°C 
und 710°C und bestätigten somit zunächst die Resultate älterer Arbeiten. Nicht verifiziert 
werden konnte dagegen die bisherige Vorstellung einer Symmetrieabfolge 
orthorhombisch ? monoklin ? orthorhombisch für die drei Sub-Modifikationen des oc-
Na2SfeC>5. Die postulierten klaren Aufspaltungen von Reflexen konnten weder in 
Neutronenbeugungs-, noch in Röntgenbeugungsmessungen an Pulvern nachvollzogen 
werden. Entsprechend der Einkristalldiffraktometrie kann nur ein Phasenübergang als 
gesichert gelten. Er führt von der bei Raumtemperatur stabilen Pcnb - Phase zu einer 
Hochtemperaturphase mit der Raumgruppensymmetrie Abal. Neben einer spontanen 
Verzerrung der Tetraeder wird die Umwandlung primär durch Rotationen der Tetraeder 
induziert. 
2. Synthesen zum y- N^S^Os, Strukturanalysen an der y-Phase, Untersuchung der 
strukturellen Phasenübergänge. 
Die Synthese der metastabilen y- Na2S^05 wurde ebenfalls durch die Kristallisation von 
Gläsern erreicht. Die thermischen Analysen mittels DSC zeigten lediglich ein breites 
Ereignis bei etwa 560°C. Aufgrund der Einkristallmessungen bei Raumtemperatur wurde 
nachgewiesen, daß es sich bei der y-Phase um ein neuartiges unterbrochenes 
Tetraedergerüst handelt. Das Beugungsbild zeigte zwar die typischen Merkmale einer 
Überstruktur, allerdings konnten die Ergebnisse früherer Arbeiten zur Existenz einer 
inkommensurabel modulierten Phase nicht nachvollzogen werden. Der in der DSC 
Aufnahme beobachtete Effekt ist mit einem Phasenübergang verknüpft, der von der 
monoklinen RT-Phase zu einer tetragonalen HT-Phase führt, deren Struktur ebenfalls 
ermittelt werden konnte. 
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3. Synthesen zum K^SfeOs, Untersuchung temperaturinduzierter Phasenübergänge, Struktur-
analyse der gemittelten Struktur des K2S feOs. 
Die Herstellung der Kristalle des KSfcOs erfolgte ebenfalls durch die Leuterung eines 
stöchiometrisch zusammengesetzten Glases. Typisch für die Phase ist eine ausgeprägte 
Verzwilligung. Es wurden praktisch keine unverzwillingten Kristalle gefunden. Die 
Luftempfindlichkeit der Proben erforderte besondere Maßnahmen bei der Präparation. 
Neben der Zwillingsbildung wurde die Strukturlösung auch durch das Vorhandensein von 
Uberstruktureffekten erschwert. Der Versuch einer Bestimmung der Gesamtstruktur 
scheiterte zwar, jedoch konnte zumindest für die gemittelte Struktur ein kristallchemisch 
plausibles Modell gefunden und verfeinert werden. Danach zählt das Kaliumdisilikat 
ebenfalls zur Gruppe der Einfach-Schichtsilikate, enthält im Gegensatz zu den 
natriumhaltigen Phasen allerdings ausschließlich Vierer- und Achterringe und keinerlei 
Secherringe aus Tetraedern. DTA-Aufnahmen zeigten, daß es bei etwa 218°C und 580°C 
zu zwei Effekten kommt, die auf die Existenz von HT-Modifikationen hindeuten. 
4. Synthese, Datensammlung und Strukturanalyse des C-Na2Sfe05, 29Si-MAS-NMR-
spektroskopische Messungen 
Eine aus der Literatur bekannte Hochdruckmodifikation des Na2SfeOs, die sog. C-Phase, 
wurde bei einem Druck von ca. 1 kbar und bei einer Temperatur von 700°C erfolgreich 
synthetisiert. Die Einkristalle zeigten erneut eine intensive polysynthetische 
Verzwillingung. Dennoch konnte die bislang unbekannte Struktur der C-Phase aus 
Einkristallbeugungsdaten gelöst werden. Die Tetreaderschichten innerhalb des Kristalls 
sind bezüglich der Geometrie identisch mit denen des ß-Na2Sfe05. Unterschiede zwischen 
den beiden polymorphen Formen resultieren aus Stapel Varianten der jeweiligen 
Schichtpackete. Zusätzlich wurden 29Si-MAS-NMR Messungen durchgeführt. Sie 
bestätigten das röntgenographisch gefundene Strukturmodell mit insgesamt vier 
symmetrisch unabhängigen T-Positionen. 
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5. Synthese und Charakterisierung von Mischkristallen im System Na2SfeOs-K2Sfe05 bei 
Raumdruck 
In Rahmen dieses Projektes wurden Synthesen zu den Mischverbindungen Na2-xKxSfe05 
im Bereich 0 < x < 1 vorgenommen und die Produkte mittels Einkristall- und 
Pulverdiffraktometrie charakterisiert. Diese waren meist mehrphasig; mitunter auch mit 
einem hohen glasigen Anteil. Über einen weiten Bereich tauchte allerdings insbesondere 
eine Phase auf, deren Kristallstruktur an einer Probe der Zusammensetzung 
Nai.55Ko.45S^05. bestimmt werden konnte. Die bislang unbekannte Struktur zeigt eine 
Verwandtschaft mit der 8- Modifikation des Na2SfeOs. Ferner wurde für x = 1 ein weiteres 
neues Einfachschichtsilikat gefunden (NaKS^Os-I) und strukturell charakterisiert. Die 
Schichten enthalten dabei Achter-, Sechser- und Viererringe aus Tetraedern. 
6. Hydrothermalsynthesen und Charakterisierung von Mischkristallen im System Na2SfeC>5-
K2Sfc05 
Gläser der Zusammensetzung Na2-xKxSfc05 (x = 0.0 ; 0.5; 1.0; 1.5; 2) wurden mittels 
Hydrothermalsynthesen bei Temperaturen zwischen 500°C und 700°C, sowie Drucken 
von lkbar - 3kbar rekristallisiert und die Produkte röntgenographisch untersucht. Für x = 
0 trat bei einem Druck von 3 kbar und einer Temperatur von 700°C neben der schon 
erwähnten C-Phase eine neue Disilikatvariante auf, die mit K-Na2SbOs bezeichnet wurde. 
Diese Phase stellt ebenfalls eine Einfach-Schichtstruktur dar und zeigt viele Ähnlichkeiten 
mit ß-Na2S^05. Dieser Strukturtyp wurde auch bei der Kristallisation eines 
kaliumhaltigen Glases der Zusammensetzung Nai.sKo.sSfeOs gefunden. Die chemische 
Zusammensetzung der kristallinen Na-K-Mischphase war jedoch mit Nai^Ko.iöSfcOs 
deutlich natriumreicher als das Eduktglas. Dies deutet auf eine begrenzte 
Substitutionsmöglichkeit Na ? K hin. Für x = 1 ergaben die Synthesen bei lkbar und 
500°C als Ergebnis eine neue NaKSfcOs Modifikation (NaKSfcOs-II), die isotyp mit 
NaRbSfeOs ist. Strukturell gesehen handelt es sich um ein Doppelkettensilikat. Für die 
gleichen p-T Bedingungen konnte schließlich aus einem Glas mit x = 1.5 eine weitere 
neue Schichtstrukturvariante der Zusammensetzung Nao.67Ki.33S^Os erhalten werden. 
Auch diese Phase enthält Achter-, Sechser- und Viererringe in den Tetraederlagen und ist 
somit eng mit dem bei Raumdruck hergestellten NaKSfeOs-I verwandt. 
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